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Both conventional composite construction and novel steel-concrete-steel sandwich 
construction aim to optimally utilize steel and concrete materials. The key to the 
development of a novel steel-concrete composite system is to ensure an effective load 
transferring mechanism at steel-concrete interface. This is achieved by either discrete 
interfacial connection such as mechanical connectors; or continual interfacial 
connection, e.g. structural adhesive; or a combination of preceding two. Diverse 
interfacial failure mechanisms request an accurate, efficient and versatile numerical 
model to predict the mechanical responses of composite structures. 
This research work proposes cohesive zone model (CZM), which rooted in the field of 
fracture mechanics, as a novel approach to study composite structures numerically. 
Both shear and tensile behaviors are incorporated in CZM. In order to model versatile 
interfacial failure mechanism, a tri-linear traction separation law is derived capable of 
approximating triangular, exponential and trapezoidal laws. Most importantly, it can 
model the hardening effect found in typical tensile and shear resistance of mechanical 
connectors. To account for the mode interaction between shear and tension, an 
effective damage model is proposed. It can incorporate different pure mode shapes in 
the same element, which is difficult for many other CZMs. In addition to the 
conventional unloading reloading path for adhesive joint, a model is developed for 
different unloading-reloading path of mechanical connectors.  
Finite element formulation is derived for the proposed CZM. A user defined element 
is developed accordingly for easy application as ABAQUS subroutine. Techniques to 
alleviate numerical local instability associated with damage have been proposed. The 
accuracy and efficiency of the new model are verified by analytical, testing and others’ 
x 
numerical results. A parametric study shows that initial stiffness and shape of traction 
separation law does not have significant effect on pure mode damage. However, 
mixed mode problems are sensitive to these factors. 
Experimental investigation on epoxy aided steel to fresh concrete bond performance 
have identified deterministic factors affecting bond performance including surface 
roughness, superplasticizer, and curing time. The failure mode is found to be brittle in 
nature. This study hence further explores fiber reinforcement effect for epoxy bond 
line. Shortcut PVA fiber is found to be effective to improve the bond performance 
between steel and fresh concrete. Typical test results are characterized by exponential 
law.  
Numerical model based on the proposed CZM is proposed to contain damage at 
interfacial layer. Fictitious cohesive zone is employed to eliminate definition of 
contact. Advanced finite element analyses have been carried out using CZM to study 
various steel-concrete composite systems. The proposed numerical model achieves 
good agreement with testing results including: push-out test involving a hybrid 
Expamet-hook connector system; epoxy bonded composite beam subjected to 4-point 
bending; mechanically connected composite beam subjected to hogging moment; and 
mechanically connected sandwich beams subjected to 3-point bending. Bonded 
sandwich beam subject to pure bending is also studied numerically to identify the 
requirements for bond strength. Effects of fiber reinforcement at epoxy bond layer are 
also demonstrated. 
Numerical parametric study using the proposed new method has made it possible to 
study the structural behavior of composite beams from a holistic perspective. It is 
revealed that interfacial shear strength and tensile strength have different significant 
xi 
levels to ensure effective composite action. For continuously bonded steel-concrete 
composite beam, shear bond strength is of uttermost importance. For intermittently 
bonded composite beam, tensile bond strength is the critical factor to prevent 
premature failure of bonded steel-concrete composite beam; whereas higher shear 
bond strength does not necessarily ensure effective composite action. For mechanical 
shear connectors, not only shear strength but also slip capacity determine the global 
load carrying capacity of a partial composite beam. Parametric study shows the 
importance of realistic load slip curves. Therefore, a standard framework to test, 
characterize and model steel-concrete interfacial behavior is proposed.     
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B Width of specimen 
D Degree of damage  
Deff Effective damage 
E Elastic modulus 
Ea Elastic modulus of steel 
Ec,eff Effective elastic modulus of concrete 
Ecm Secant modulus of elasticity of concrete 
FV Shear flexibility related to concrete core 
G Fracture energy release rate with subscript I, II, III denoting three modes 
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Iδ Second moment of area of effective composite section 
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Chapter 1 Introduction 
1.1 Background 
Steel and concrete are two most widely adopted building materials in the construction 
industry. Composite structural design optimally utilizes the material properties of both 
steel and concrete when properly designed. For certain applications of composite 
structures such as marine and offshore applications, steel-concrete-steel sandwich 
composite system provides better environmental loads resistance. Several research 
projects have been carried out on novel composite deck and sandwich composite 
systems. In this section, the background of current research is discussed. 
1.1.1 Conventional steel-concrete composite slab and beam 
Research on steel-concrete composite construction originated from Canada since 
1920s aiming to optimally utilize expensive steel section and cheap but tensile-weak 
concrete. In 1960s, CP117 was published to address design of simply supported 
composite beams. Nowadays, modern design codes, e.g. Eurocode 4 and AISC 360-
10, provide detailed design recommendation on this economic construction form. 
Some typical composite beam construction is shown in Figure 1.1. The concrete slab 
can be of rectangular section or have a section of profile deck, which serve as 
formwork for cast in-situ concrete as shown in Figure 1.2 (a). Precast concrete slab 
can also be joined to steel section as shown in Figure 1.2 (b). Composite slabs and 
beams are suitable for commercial and industrial buildings require long span and 
speed of construction. In addition, composite slab also provide improved fire 
resistance to steel skeleton. Composite beam is also an important structural form for 
bridge construction. 
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Figure 1.1 Typical composite beam/slab (BSI 2004) 
 
(a)Cast in-situ composite slab with profile deck (b)Composite beam with precast slab 
Figure 1.2 Different composite beam/slab constructions (Tata Steel Web Page) 
No matter which form of composite construction is adopted, the word "composite" is 
almost synonym to "effective connection" between two materials in construction 
industry. Effective connection can be achieved in two broad forms: 1) mechanical 
shear connector and 2) structural adhesive. Mechanical shear connector is generally in 
the form of headed shear studs. It has been used widely to provide necessary 
interfacial shear transfer mechanism. Not only in composite beam, headed shear studs 
have been employed in composite beam-column connections to provide load 
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introduction, and inside composite column where high longitudinal shear is expected 
while natural steel-concrete bond is insufficient.  
Application of structural adhesive is generally limited to retrofitting of reinforced 
concrete structures. The reinforced concrete beam in dated infrastructures may be 
found to be insufficient to serve unpredicted loads. This is common in bridges to be 
strengthened due to increased traffic volume. Steel plates and fiber reinforced plastic 
(FRP) plates are generally applied to over-stressed and cracked RC beam to increase 
their capacity and prolong the service life of infrastructures.  An example is the 
pioneered work by Transportation Research Lab in Crowthorne UK as shown in 
Figure 1.3. The plate together with uniformly distributed stress has improved the 
cracking performance by 95%, the ultimate loading capacity by 19% and stiffness by 
35%. Adhesive is also used in wrapping FRP to the circumference of RC columns to 
improve their ductility for improved seismic behavior. It has also been employed to 
join segmental precast concrete box sections. The cost saving was claimed to be 20% 
(Mays et al. 2005). 
 
Figure 1.3 Example of bonding steel plate to bridge’s RC beam soffit by U.K. 
Traffic Research Lab 
Different from discrete mechanical shear connectors, structural adhesives are 
normally applied in a continual manner. In this way, low allowable shear stress can be 
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concentration associated with discrete connector can be minimized. As some 
experimental investigation revealed, epoxy bonded composite beam can achieve same 
strength and higher stiffness. Nevertheless, most common application of structural 
adhesive is to retrofit reinforced concrete (RC) or masonry structures with steel plates 
or FRP plates.  
1.1.2 Sandwich structures 
The main advantage that urges adoption of sandwich structures is their high stiffness 
at low weight. In early years, while still rarely utilized in the field of civil engineering, 
aeronautics industry has begun to embrace sandwich composite to achieve equal or 
surpassing structural stiffness at lower self-weight (Davies 2001). Sandwich panels 
with non-metallic honeycombs as shown in Figure 1.4 were found in early 
applications in aeroplane's wing structure. Today, marine, aeronautic, automotive and 
construction industries have acknowledged the benefits of sandwich structures in 
various applications. The generic sandwich panel comprises: a) two face plates, 
usually of metal; and b) one core layer of solid lightweight material or structural 
configuration in between the two plates. Principal flexural stiffness is contributed by 
the two face plates while the core layer provides support for and connection between 
the two face plates. The face plates can be of different materials to achieve desired 
performances and functions. Choices of material and configurations of core layer are 
diverse. Balsa wood, polymer foam, metal foam, and various types of concrete are all 
plausible candidates. Of all these, the latter is to the particular interests of current 
study. The core layer can be homogeneously continuous to provide isotropic support 
for face plates and to minimize local buckling. Many efforts have been devoted to 
develop core configuration employing truss, metallic / non-metallic honeycombs, 
welded or adhesively bonded web or corrugated stiffeners (Knox et al. 1998; Kujala 
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1998; Xue et al. 2003). No matter which material or core layer configuration is 
employed, one key factor determining sound performance is still the joining 
techniques. Mechanical joint, laser welding and adhesive bond are three major options. 
The following sections summarize existing technologies in sandwich constructions. 
 
Figure 1.4 Honeycomb sandwich panel 
In construction industry, light weight sandwich panels are generally not serving as 
load carrying member. Insulation is the main function until the introduction of double 
skin composite (Oduyemi et al. 1989), Bi-Steel (Bowerman et al. 1998) and steel-
plastic-steel sandwich plate (Kennedy 2004) as shown in Figure 1.5 to Figure 1.7 
respectively. SCS sandwich constructions have since been applied in heavy duty 
structures, such as immersed tube tunnels and ice breaker walls. In SCS sandwich 
system, both steel and concrete contribute to the structural performance. Along with 
proper shear connectors design, the concrete layer support the steel face plates 
continuously to prevent compressive plate buckling.  
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Figure 1.5 Double skin sandwich construction utilizing overlapped shear studs 
 
 
Figure 1.6 SCS sandwich construction utilizing bi-steel 
SCS design guides were developed for overlapped shear studs (Narayan et al. 1994) 
and friction welded bi-steel (SCI 1997). Overlapped shear studs are not efficient in 
prevention of two face plates’ separation under impact unless a jungle of studs is 
formed as shown in Figure 1.5. Bi-steel construction is only feasible for core 
thickness from 200mm to 700mm and face plate thickness from 5mm to 20mm.  
Sandwich plate system (SPS) comprises of two steel face plates and one plastic core 
layer of polyurethane elastomer as demonstrated in Figure 1.7. Elastomer core works 
better when thermal and acoustic insulation effects are required in addition to load 
resistance. However, polymer material stiffness is far inferior to that of concrete. High 
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material cost for polyurethane and special construction equipments make SPS not an 






Figure 1.7 Polyurethane SPS developed by Intelligent Engineering and BASF 
(Kennedy 2004) 
 
Seeing the limits of existing SCS construction, but advantages of sandwich structures, 
novel SCS sandwich systems have been developed in NUS aiming to provide 
economical design with superior structural performance (Liew et al. 2009). The 
invented SCS sandwich system is illustrated in Figure 1.8, where the shear connectors 
are self proprietary J-hook shear connectors. This has made it possible to provide both 
shear strength and tensile strength making both face plates working compositely.   
    
Figure 1.8 SCS sandwich system developed in NUS (Liew et al. 2009) 
Steel Face Plate 
Concrete Core 
Steel Face PlateConcrete Core Shear Connector
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1.2 Significance of steel concrete interface behaviour 
In order to fully utilize the material strength and achieve desired composite strength 
and ductility, it is widely recognized that longitudinal shear force should be 
effectively transferred at steel and concrete interface. Many design philosophies 
depend on the assumption of cross sectional plane remains plane. This assumption 
implies: a) the strain distributes linearly over the depth of composite section; and b) 
concrete section has equal curvature as steel section. The validity of this assumption 
relies on the effective shear transfer mechanisms. It is also assumed that the effect of 
interfacial normal separation does not impose significant effect. With well-designed 
and controlled detailing, such effect can be neglected. However, the nature of 
composite structural behavior is highly non-linear both material-wise and geometric-
wise. The structural failure could be due to concrete crushing or shear failure, steel 
plate welding failure, sudden loss of stiffness due to ineffective shear connection and 
etc. Even for widely cited analytical work (Newmark et al. 1951) on composite beam 
using linear elastic assumptions, the procedure is extremely complex. Strength based 
design method generally could not provide a holistic view of stress re-distribution and 
structural response after the peak load.  
The advance in numerical methods has made computer simulation an indispensable 
tool for research, analysis and design. With decades of efforts by researchers, 
educators and practitioners, a better understanding of composite beam's structural 
behaviours has been gained. Yet partial composite action, deformable shear connector, 
ductility, interfacial slip etc. are still topics requiring further research. In addition, the 
less studied SCS sandwich beam behaves quite differently from conventional 
composite beam due to more complex interaction between steel, concrete and 
connector. It also makes detailed numerical modelling a difficult task. An efficient 
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and versatile numerical method should not only provide insight of composite 
structural behaviour for research purpose but be capable of serving design. 
The behaviors of chemically bonded composite beam are much less studied. Existing 
analysis is based on similar assumption for composite beam using mechanical 
connectors. Due to continual joint and relative uniform stress distribution, the unique 
behavior demands close examination. For sandwich structures employing mechanical 
connectors, it is also desired to reduce the number of connector. This may be achieved 
by applying structural adhesive together with connectors. There has been some 
research works on bond performance between well treated steel and fully cured 
concrete. Because of the enclosed sandwich configuration and necessity to employ 
mechanical connectors, the bond performance between steel and fresh concrete will 
be a prerequisite to optimized sandwich design. Nevertheless, this is an uncharted area 
with little available information. An experimental study is crucial to explore in this 
direction. Shear resistance will be shared between areas representing: a) high 
allowable stress but concentrated at discrete connectors (Figure 1.9a); and b) low 
allowable stress but distributed in large area by other form of shear enhancement 
measures such as chemical bond as shown in Figure 1.9b. The combination of two 
forms of steel-concrete interfacial connection as shown in Figure 1.9c will need a 
novel numerical model.  
 
a.Mechanical connector  b.Chemical bond  c. Both mechanical & chemical bond 
 Figure 1.9 Steel-Concrete interfacial connection forms 
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It is also of utter importance to model the interaction between longitudinal shear stress 
and normal tensile stress at steel-concrete interface. When steel and concrete is joined 
by structural adhesive, damage in one direction will lead to damage in the other 
direction. When mechanical connector is employed, same principle should apply. 
Shear resistance of mechanical connector depends on both steel shank shear resistance 
and concrete bearing capacity. If shear failure happens, the broken connector will not 
be able to provide tensile resistance. When tensile failure happens, may it be the 
breakout of concrete or the straightening of hook connector, shear resistance will be 
affected considerably. Therefore, only with proper modeling and understanding of 
steel-concrete interfacial behavior, can the critical composite action be implemented 
safely. Existing numerical models for composite design seldom attend this 
requirement. 
Cohesive zone method (CZM) will be proposed to model the composite structures 
addressing above issues. Existing models are generally applied to study bi-material 
interface problems in a much smaller scale. Many available traction-separation laws 
are not easy to be implemented for study of the steel-concrete interfacial behavior, 
especially when mechanical connectors are employed. Quite different steel-concrete 
interfacial behaviors have been reported by earlier tests, e.g. push-out tests. It is 
therefore imperative to propose a new and versatile model oriented for engineering 
analysis and design. 
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1.3 Objectives and research scopes 
The research objective of current study is to investigate the important interfacial 
behavior in steel-concrete composite system. 
Firstly, current research aims to propose a unified and efficient numerical method that 
can capture a wide range of steel-concrete interfacial behaviors including:  
a) Continuous steel-concrete interfacial connection; 
b) Discrete steel-concrete interfacial connection; 
c) Combination of continuous and discrete interfacial connection. 
Comparing with relevant standard continuous interface that can use conventional 
cohesive zone model, the modeling of mechanical shear connectors is more 
challenging. In order to achieve good ultimate load capacity prediction, it is necessary 
to address the strength hardening effectively. 
Secondly, as an important form of continual interfacial connection, the bond 
performance between steel and fresh concrete is to be evaluated. The factors affecting 
the bond performance between steel and fresh concrete are to be identified. Based on 
the identified key factors, a promising bond configuration between steel and fresh 
concrete for SCS sandwich construction is to be proposed and characterized. 
Lastly, a series of representative numerical examples implementing the proposed 
numerical method will be compared with experimental results. A standard framework 
to obtain key parameters for the proposed numerical model will be proposed for 
various steel-concrete interface connections.  
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1.4 Layout of thesis 
With the background and significance of current research work discussed, this thesis 
is structured as follow aiming to provide the answers to requests discussed in section 
1.2.  
Chapter 2 aims to review the most updated research works by peer researchers. 
Existing sandwich design guide is based on Eurocode 4 composite design with same 
key concepts. Main design procedures are summarized with flow charts for clarity. A 
design chart will be developed to show the characteristics of SCS sandwich structures 
and for easy preliminary sizing. This is followed by review of various numerical 
models to investigate various composite structures. All the numerical models are 
assessed and summarized showing their advantages and limitations. 
Chapter 3 discusses cohesive zone methods. Prevailing traction-separation laws to be 
employed in the proposed numerical model are firstly examined. Attention is given to 
the implication of various numerical parameters on modelling steel-concrete interface. 
After comparison of the characteristics of adhesive joints and mechanical joints, a 
versatile tri-linear traction-separation law is proposed. Traction will be defined as a 
function of separation and damage variable. An effective damage model for mode mix 
problems will be proposed. The proposed model will be explained by parametric 
study showing effects of parameters with different applications. In addition, two 
CZMs to account for different unloading natures of adhesive joint and mechanical 
joint will be proposed. 
Chapter 4 will provide detailed finite element formulation to implement the proposed 
tri-linear separation law with effective damage model. A user element is developed 
based on the FE formulation. The source code is given in Appendix A. The user 
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element is then validated by analytical solutions and other's numerical results using 
double cantilever beam test and ASTM mixed mode test. Parametric study will be 
presented on the effects of different initial stiffness and traction-separation shapes. 
Chapter 5 will present the experimental investigation of bond performance between 
steel and fresh concrete with epoxy. Preliminary findings aim to identify several 
factors affecting the bond performance. The mechanism of epoxy bonding by 
polymerization will be briefed, which provides a hypothetical explanation to the 
observed adverse effect related to superplasticizer in fresh concrete. Further 
experimental investigation is reported on the effects of fibre reinforcement at epoxy 
bond line. The test results are characterized by exponential CZM discussed in Chapter 
3. 
Chapter 6 proposes a novel numerical method to model composite beams with CZM 
using different traction separation laws. Numerical techniques to improve 
computational efficiency will be discussed. Wide range of composite beam testing 
will then be modelled. Naturally, bonded composite beams are studied first and 
detailed numerical model is exemplified. After validation against experimental results, 
parametric study on different loading pattern, various bond strengths in both shear and 
tensile mode and their effects on full and partial composite action is discussed. 
Mechanical connector will then be modelled using the same numerical method. Test 
results for partial composite beam subjected to hogging moment and SCS sandwich 
beam subjected to three point loading will be compared with numerical results. 
Parametric study will be carried out to demonstrate effect of maximum slip capacity 
on partial composite beam subjected to hogging moment. The parametric study on 
SCS sandwich beam aims to show the importance of realistic push-out test results. 
Based on the experiences of the numerical study, a standard framework to test, 
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characterize and model steel-concrete interface in composite structures will be 
proposed. 
Finally, Chapter 7 summarizes the findings and contributions of current research work. 
Research directions will be recommended to further improve the proposed numerical 
model for various applications.   
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Chapter 2 Literature Review 
 
2.1 Existing design methods for steel concrete composite structures 
In this chapter, the conventional full composite design method is firstly summarized. 
More than review only, some design implications, e.g. unique design perspective for 
SCS sandwich construction is also investigated and highlighted. In view of the 
economy brought by partial shear connection concept, many existing nonlinear 
numerical analysis tools to envision the complete spectrum of steel-concrete 
composite structural behaviors have been proposed. The seemingly straightforward 
structural behaviors of steel-concrete composite structures are indeed more complex 
than they appear to be. Over the past three decades, the steel-concrete composite 
systems, especially partial shear connection, have attracted many endeavors from 
fellow researchers. Advanced numerical methods, finite difference method or finite 
element method, have been employed to solve problems where close-form analytical 
solution is not available. Some research works have set the corner stone of modern 
composite beam and panel designs. Theses research include but not limited to the 
works by (Ollgaard et al. 1971; Oduyemi et al. 1989; Oehlers 1990; Oehlers et al. 
1995; Clubley et al. 2003; BSI 2004; Loh et al. 2004; Ranzi et al. 2004; Lam et al. 
2005; Chung et al. 2006; Chung et al. 2008). Noteworthy theories, numerical methods 
and design recommendations, which are closely relevant to the current research, are 
reviewed in this chapter. Some relevant research in the fiber reinforced plastic (FRP) 
strengthened RC beams are also reviewed and discussed (Smith et al. 2001). In 
addition, due to difference of interfacial stresses at top and bottom steel plates in SCS 
sandwich structure, the requirements of shear connectors for top and bottom plates 
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interfaces will be different. Limitations of existing models for both conventional 
composite and novel SCS sandwich system will be discussed and summarized. 
2.2 Full composite method 
The SCS sandwich system comprises of three main elements: steel face plates, 
concrete core and shear connectors, which can be customized according to design 
requirements. Both steel face plates and concrete core play fundamental roles in the 
structural performance of SCS sandwich system, whereas shear connectors’ behaviour 
affect the total performance of the system. The static failure mechanisms of SCS 
sandwich can be related to three modes as proposed by (SCI 1997): tension failure of 
steel face plate, buckling failure of steel face plate, and shear connector failure. The 
generalized load-deflection curves of SCS beam subject to uniformly distributed static 
load are plotted in Figure 2.1. In Figure 2.1(a), the member fails without compression 
buckling and the loading capacity is governed by the tensile capacity of steel plate. 
The ductility of the member is highest as compared to the other two modes. Figure 
2.1(b) illustrates the case where the failure mode of the sandwich system is due to 
buckling of compressive steel face plate. The load capacity of the member reaches 
maximum right before buckling occurs. Then the strength of concrete core controls 
the loading capacity, which is reduced to a certain extent depending on the concrete 
strength. If the concrete strength is high, there will be post-buckling residual strength. 
For low strength concrete, immediate failure is likely to happen due to concrete 
compression or shear failure. Depending on the strength and formation of shear 
connectors employed as well as bearing capacity of surrounding concrete, the local 
stress may be high enough to cause shear failure of connectors either at cross section 
of the connector or at joint between the steel face plate and connector. This type of 
failure is illustrated in Figure 2.1(c). Ductility of the SCS member is the lowest of all 
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the three modes. To avoid such failure mode, Eurocode 4 provides a good strength 
based model to design for shear connectors. It shall be noted that the shear load re-
distribution and associated true structural response are ignored in full composite 
design.  
Shear Connector

















































































Figure 2.1 Typical failure modes of SCS sandwich system: (a) tensile plate 
yielding (b) compressive plate buckling (c) shear connector failure (SCI 1997) 
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Following assumptions are made in the design of static strength of SCS sandwich 




σ = +  (2.1) 
The second order buckling effects are checked by adding axial load N to the moment 
term M, rather than reducing the value of the design axial strength. Section properties 
of concrete core depend on the degree of concrete cracking. 
2.2.1 Material Properties 
SCS sandwich system is composed of two materials: steel and concrete. Depending 
on the accuracy and the allowable strain required for the analysis, the material 
behaviour of steel can be defined as following as demonstrated in Table 2.1: 
a) elastic-plastic without strain hardening; 
b) elastic-plastic with nominal plateau slope; 
c) elastic-plastic with linear strain hardening; 











The design approach in this section utilizes a) elastic-plastic without strain hardening 
model. However the reader can select different stress-strain curve according to 
regional design recommendations. 
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Table 2.1 Modeling of steel material behavior (EN 1993-1-5:2006) 
 
  
(a)     (b) 
Figure 2.2 Stress strain curve of concrete (a) nonlinear model; (b) simplified bi-
linear model 
Stress strain relationship of concrete as a nonlinear material is demonstrated in Figure 
2.2(a). Note that 0.4 cmf  is used to define cmE . For the design of cross section 
resistance, a simplified bi-linear model as illustrated in Figure 2.2(b) can be adopted.  
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2.2.2 Partial factor design 
This design guide is based on Eurocodes, which employs a limit state philosophy.  
Limit state design must satisfy the following two criteria: Ultimate Limit State and 
Serviceability Limit State. Ultimate Limit State (ULS) is considered satisfied when 
the structure does not collapse or other forms of failure which may cause loss of lives 
and properties when subject to the factored ultimate design load. 
Serviceability Limit State (SLS) is considered satisfied when the structure can 
function well according to design purpose without causing discomfort of the structure 
users. Criteria of SLS normally includes check of deflection of structural members, 
crack of structural members (esp., concrete material), and vibrations. Additional SLS 
criteria may be required following to the regional design codes. Partial factors for 
buildings include load partial factors and material partial factors, which are 
summarized in Table 2.2 and Table 2.3. 
Table 2.2 Load partial factors for SCS sandwich system design 
Partial Factor Value for favorable 
actions 
Value for unfavorable 
actions 
Permanent Loads (ULS), Gγ  1.0 1.35 
Variable Loads (ULS), Qγ  0 1.5 
Accidental Loads, Aγ  - 1.0 
Permanent Loads (SLS), Gγ  1.0 1.0 
Variable Loads (SLS), Qγ  1.0 1.0 
 
 
Table 2.3 Material partial factors for SCS sandwich system design 
Combination Structural Steel Maγ  Concrete Mcγ  Shear Connector Vγ  
ULS 1.0 1. 5 1.25 
SLS 1.0 1.0 1.25 
Accidental 1.0 1.2 1.25 
Fatigue 1.0 1.0 1.0 
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Figure 2.3 Effective cross section 
The cross section of SCS sandwich beam can be replaced by effective steel I beam 
section as shown in Figure 2.3. Effective modular ratio m is defined as: 
 ,/a c effm E E=  (2.3) 
where aE  is elastic modulus of steel and ,c effE  is the effective elastic modulus of 
concrete. Several concrete properties determine the effective modular ratio m. 
Modulus of elasticity Ecm of concrete is the main property that determines the 
effective modular ratio. Ecm may vary from 6000 MPa of lightweight concrete to 
37000 MPa of high strength concrete. The higher the modulus of elasticity, the lower 
the effective modular ratio is. Creep, which is the straining of concrete under long 
term sustained load, also affects the effective modular ratio. If the concrete is low 
grade and loaded in the early life with sustained load, m will be higher, which means 
the contribution of concrete to structural loading capacity will be small. Based on 
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where Mcγ  is the material partial safety factor for the resistance of concrete (taken as 
1.5). The shrinkage strain csε  can be taken as 
6200 10−×  for normal weight concrete 
and 6300 10−×  for lightweight aggregate concrete as Bi-Steel design guide suggested. 
The shrinkage strain can be calculated more accurately according to Eurocode2 (BS 
EN 1992-1-1:2004, section 3.1.4 and section 11.3.3). rP  is the percentage of the 
sustained load, which is the sum of dead load and permanent imposed load, over the 
maximum of combined design loads; t0 is the age of the concrete (in days) when the 




0 1/ 2 0.2 0.3
0 0
( )16.8( , )
(0.1 )(1500 )ck
t tt t
f t t t
φ
  −
=   + + − 
 (2.5) 
Equation (2.5) computes a value of creep after t days, which can be the design life of 
the structure. The value of 1500 is a coefficient depending on the relative humidity 
and can be adjusted according to Eurocode 2 (BS EN 1992-1-1:2004 Annex B.1).  
In the analysis, the concrete section is transformed to effective section assuming strain 
compatibility between the compressive steel plate and transformed concrete. 
Therefore, the stress in the concrete can be related to the stress in the steel: 
/cc ac mσ σ= . The maximum value is ,max /( )cc y Maf mσ γ=  subject to ,max /cc ck Mcfσ γ≤ . 









= =  (2.6) 
By limiting limm m≥ , it can be assured that steel always reaches failure before 
concrete does. Hence, the steel can be fully utilized. In equation (2.6), the factor of 
1.5 is assuming the concrete behaves linearly. The stress block should be rectangular 
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rather than linear triangular. Eurocode 2 has suggested that the concrete rectangular 
stress block contributes 21% more bending resistance than the triangular stress block. 
Accordingly, we can reduce the limm  for pure bending by 21%, that is 
lim 1.24 /y ckm f f= . In addition, the material partial safety factor Maγ  and Mcγ  are taken 
as 1.0 and 1.5 respectively. Figure 2.4 illustrates procedures to determine effective 
modular ratio of planar composite section. 
 
Figure 2.4 Flowchart to calculate effective modular ratio of SCS sandwich 
section 
Define material properties, strength and load 
Calculate percentage of sustained load  
Calculate shrinkage strain ; 
creep coefficient  [eq(2.5)] 
Calculate effective modulus of elasticity 
 [eq(2.4)] 
Calculate effective modular ratio m [eq (2.3)] 
and  [eq (2.6)] 
 
 
Go to Figure 2.7 
No 
Yes 
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2.2.4 Member Buckling Effects 
Additional moment M∆ caused by member flexibility under axial compressive load 










The total panel imperfection 0e  is the sum of initial out of straightness imperfection 1e , 
the first order lateral deflection 2e due to applied loads, and the assumed out of 














  = −   
  
 (2.8) 
L is the length between lateral supports; R is the radius to centreline of the sandwich 
panel.  


















δπ=  (2.10) 
0l  is the effective length, which can be obtained according to corresponding regional 
design codes. Examples as given in Eurocode 2 are illustrated in Figure 2.5. Bending 
stiffness EIδ  is calculated by assuming elastic behaviour of both the steel and the 
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concrete acting as a fully composite cross section as recommended in Eurocode 4. It 
is also used in calculating e2 in equation (2.8). To calculate Iδ , the transformed 
section in Figure 2.6 can be used. The reduction factor 1.35 is introduced to account 
for the material variability. 
 












Figure 2.6 Transformed section to calculate  
In equation (2.9), VF  is the shear flexibility due to the concrete core of sandwich 
system. The effect to introduce shear flexibility is to reduce the critical buckling load 
to an effective critical buckling load, which is the result of shear deformation caused 






=  (2.11) 
Iδ
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in which Poisson's ratio cv = 0.2 as recommended in Eurocode 2 (EN 1992-1-1:2004 
clause 3.1.3 (4)) and VA  is the effective shear area of the concrete which is 
recommended to be taken as concrete core thickness multiplying member width.  
After M∆  is determined, the induced shear force can be determined by: 
 1 2
0 0
4Re e eV M
e L e L
π +




Figure 2.7 Flowchart to determine member buckling effect 
The global buckling effects and induced additional moment and shear force, which 
will be used to calculate maximum stress, can be determined using flowchart in 
Figure 2.7. 
Define material properties, strength and load 
Calculate imperfection , ,  and  
      
Calculate critical buckling load [eq(2.10)] 
Calculate shear flexibility  [eq (2.11)] 
Calculate effective modular ratio m [eq (2.3)] 
and  [eq (2.6)] 
Go to Figure 2.9 
No 
Calculate effective critical buckling load 
 [eq (2.9)] 
Calculate additional moment  and 
induced shear force [eq (2.7) and (2.12)] 
Chapter 2 Literature Review  
27 
2.2.5 Determine concrete stress profile 
Due to the characteristic property of concrete that its tensile strength is much lower 
than the compressive strength, three profiles of concrete cracking exist: un-cracked 
where axial compression governs, fully cracked where axial tension governs, and 
partially cracked where bending usually governs. The concept of effective section for 
design purpose is explained in section 2.2.3 and illustrated in Figure 2.3. For the two 
extreme concrete cracking conditions, namely un-cracked and fully cracked, the 
transformed sections are illustrated in Figure 2.8. Therefore, it is important to 
determine the stress profiles according to the design loads. The possible combinations 






















(a) (b)  
Figure 2.8 Transformed section to determine section profile: (a) Un-cracked 
concrete core (b) Fully cracked concrete core 
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Table 2.4 Stress diagrams and effective sections 
No. Forces & Moments 










     
2 
     
3 
     
4 
     
 
The design moment can be calculated using: 
 1Sd Sd NM M M N e= + ∆ +  (2.13) 
where 1M  is the applied moment, M∆  is the buckling moment calculated in equation 
(2.7), SdN  is the design axial load, and Ne  is the distance between the location where 
the axial load is applied and the location of neutral axis as illustrated in Figure 2.8. 
The axial load eccentricity eN is positive when located at compressive side of the 
section and is negative at the tensile side. 
If SdN  is compressive, calculate the section properties based on the un-cracked 




− ≥ . If true, the concrete is un-cracked. 
Chapter 2 Literature Review  
29 
If SdN  is tension, calculate the section properties based on the fully cracked 




+ ≤ . If true, the concrete is fully 
cracked. For these two cases the stresses can be calculated as following: 
 
( / 2)Sd Sd c c
ac




= +  (2.14) 
 1






















( / 2)Sd Sd t t
at




= ±  (2.17) 
Note that 1 2 0c cσ σ= =  for the fully cracked section. In equations (2.15) and (2.16), A 
= Af  and fI I=  for un-cracked section; aA A=  and aI I=  for fully cracked section. 
If the section is partially cracked, it is necessary to calculate the flexural neutral axis 
position as shown in Figure 2.3 as: 
 2 1/ 2[ 2 ]my B B C= − + −  (2.18) 
where:  
 c t tB mt mt t= + −  (2.19) 
 
2 2 2
1 2 2 2
t c ct m t m tC Hmt= − + − +  (2.20) 
where H is the full height of the member cross section.  
Chapter 2 Literature Review 
30 
When the neutral axis is determined for partially cracked section, the second moment 
of area may be calculated as: 
 
3
2 2( )( ) ( )
2 3 2
c m c t
b c m t m
t y t tbI bt y bt H y
m
−
= − + + − −  (2.21) 
Note that my  is the distance from the neutral axis to the outer surface of the 
compressive face plate. The stresses due to bending can be calculated accordingly: 
 1( ( ))( / 2)Sd m m cacb
b
M M N y y y t
I
σ
+ ∆ + − −
=  (2.22) 
 1( ( ))( )Sd m m cccb
b
M M N y y y t
mI
σ
+ ∆ + − −
=  (2.23) 
 1( ( ))( / 2)Sd m m tatb
b
M M N y y H y t
I
σ
+ ∆ + − − −
=  (2.24) 
In equation (2.22) to (2.24), acbσ  is the average stress of compression face plate, atbσ  
is the average stress of tension face plate, while ccbσ  is the compressive stress at 
extreme fibre of concrete core. The design flow chart is demonstrated in Figure 2.9. 
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Figure 2.9 Flowchart to determine concrete stress profile and member stresses 
Define material properties, strength and 
design load  
Go to Figure 2.11 
No  
Calculate section properties ,  and 
 based on un-cracked section  
[Figure 2.8 (a)] 
Calculate section properties ,  and 
 based on fully cracked section 
[Figure 2.8 (b)] 
  
Yes 
Concrete is un-cracked, 
calculate corresponding 
Concrete is fully 
cracked, calculate 
Yes Yes 
Concrete is partially 
cracked, calculate neutral 
No 
calculate neutral axis  
  
calculate second moment 
area  [eq (2.21)] 
calculate stresses , 
 and  [eq(2.22), 
(2.23), (2.24)] 
Calculate stresses , 
,  and  
[eq (2.14) to (2.17)] 
Calculate stresses , 
and ,  
[eq (2.14) and (2.17)] 
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2.2.6 Combined flexural and axial loads 
In most cases, flexural and axial loads will act on a structural member simultaneously. 
It is therefore necessary to determine the neutral axis in order to calculate the stresses. 
The strain diagrams and the effects of axial loading on pure bending member are 













Figure 2.10 Strain diagrams under combined flexural and axial loadings 
By considering the strains due to bending and axial curvatures, axial force balance, 
and moment balance, the following equations can be obtained. Note that the quadratic 
formation of equation (2.26) is based on the assumption that the curvature due to pure 
bending is much larger than curvature due to pure axial loads. 
 /acb acb aEε σ=  (2.25) 
 21 0
2 / 2 / 2
acb m c acb Sd
N N c t
m c m c a
m y t m Nt t
y t m m y t E b
ε ε
ε ε
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the change of neutral axis Ny  from equation (2.27) and (2.28) respectively. Therefore 
the axial stress components due to axial loads can be calculated as follow. The most 
compressive face plate is: 
 1 ( / 2)aca N a m c aE y t Er
σ ε  = + − 
 
 (2.29) 
The extreme fibre of concrete is: 
 ( )1N a m c acca




− = +  
 
 (2.30) 
The most tensile face plate is: 
 ( )1 / 2ata N a m t aE H y t Erσ ε
 = − − − 
 
 (2.31) 
Finally, the total stresses due to combined flexural and axial loadings can be obtained 
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Figure 2.11 Flowchart to determine total stresses due to combined loads 
 
2.2.7 Design of shear connectors 
Shear connectors, no matter which form they may be, should have two basic functions: 
1) transferring longitudinal shear force from face plate to concrete core to ensure the 
composite action between the two; 2) connecting the two face plates in transverse 
direction to prevent separation of face plates from sandwich core. For static design, 
the longitudinal shear force governs the diameter and spacing of shear connectors. 





=  (2.33) 
Define material properties  and design 
load  
Go to Figure 2.12 
Calculate  [eq (2.25)] 
Solve for  [eq (2.26)] 
Calculate  and  [eq (2.27) (2.28)] 
Calculate ,  and   
[eq (2.29) to (2.31)] 
Calculate total stress due to combined loads
,  and  [eq(2.32)] 
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where SdV  is the sum of transverse shear force from the first order analysis and V∆  
due to member buckling effect, which is calculated using (2.12). The area of steel face 
plate A is either cbt  for compressive face plate or tbt  for tensile face plate. y  is the 
distance of the centroid of area A  from the section neutral axis. For compressive face 
plate longitudinal shear force is: 
 ( / 2)Sd c m cL vi
b
V bt y tV L
I
−
=  (2.34) 
For tensile face plate, the longitudinal shear force is:  
 ( / 2)Sd t m tL vi
b
V bt D y tV L
I
− −
=  (2.35) 
Shear capacity of shear connector is the lesser of: 
 20.8 /(4 )Rd u VP f dπ γ=  (2.36) 
 20.29 ( ) /Rd ck cm VP d f Eα γ=  (2.37) 
where uf  is the ultimate tensile strength of the shear connector material, d  is the 
diameter of shear connector, Vγ  is the partial factor that can be taken as 1.25 as 
recommended in EN 1994-1-1:2004 section 6.6.3.1. ckf  is the characteristic cylinder 
compressive strength. α  in equation (2.37) is defined as: 
 
0.2 1 for 3 / 4













It shall be highlighted that some research work (Xie et al. 2004) has pointed out the 
shear capacity governed by steel as equation (2.36) may overestimate the design shear 
strength by about 10% when the face plate thickness is greater than 10mm. Whereas if 
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the shear capacity is dominated by concrete bearing strength, equation (2.37) tends to 
underestimate by 20%. 
Assuming bar connector spacing xs  and ys  in x direction and in y direction 
respectively, one can check the whether the spacing of the connectors can provide 
enough strength using: 
 1 L
x y vi Rd
V









< <  (2.40) 
The transverse shear capacity is checked based on EC2 section 6.2.3(3), where the 
shear connectors are taken as stirrups in concrete structures. 
 ( )1/3, 1 min 10.18 (100 )Rd c l ck cp c cp c
Mc
V k f k bh v k bhρ σ σ
γ
 













ρ = ≤  (2.43) 
 ( )Sd ata t aca ccp
c





=  (2.44) 
 3/ 2 1/ 2min 0.035 ckv k f=  (2.45) 
The value of 1 0.15k =  is advised in Eurocode 2 6.2.2(1). If the calculated ,Rd cV  is 
greater than SdV , the following steps can be ignored as the shear resistance of concrete 
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alone is capable to resist the applied transverse shear force. Otherwise, the following 
steps are necessary to check for the transverse shear resistance of shear reinforced 
SCS section. 
 , 0.9 cot
ybSW























≤ ≤ . We are taking θ  as 45º, and it conservatively 
conforms to the limiting value given in EC2 that 1 cot 2.5θ≤ ≤ . 
 ,max 0.9 /(tan cot ) 0.45ck ckRd cw c cw c
Mc Mc
f fV bh bhα ν θ θ α ν
γ γ
= + =  (2.48) 
where the strength reduction factor ν  of shear cracked concrete is defined as: 
 0.6 1
250
ckfν  = ≥ − 
 
 (2.49) 
The coefficient to take account of the state of the stress in the compression chord cwα  
is defined as: 
 
1                              for 0
     1 /          for 0 0.25 /
     1.25                         for 0.25 / 0.5 /
     2.5(1 / )  for 0.5 /
cw cp
cp Mc ck cp ck Mc
ck Mc cp ck Mc





σ γ σ γ
γ σ γ
σ γ γ σ
= =
= + < ≤
= < ≤
= − < 1.0 /ck Mcf γ<
 (2.50) 
The shear resistance of the SCS sandwich section is the least of , ,Rd s Rd cV V+  and 
,maxRdV : 
 , ,maxmin[ , ]Rd Rd s RdV V V=  (2.51) 
Chapter 2 Literature Review 
38 
The flowchart of procedures to design shear connectors for SCS sandwich section is 
demonstrated in Figure 2.12. 
 
Figure 2.12 Flowchart to design for shear connectors 
Define properties and design load  
Go to Figure 2.14 
Determine longitudinal shear  [eq (2.33)] 
Design of shear connector and calculate 
shear capacity  [eq (2.36) to (2.38)] 
Determine shear connector spacings ,   
Eq (2.39) and (2.40) 
Yes 
No 
Calculate  [eq (2.46)] 




Determine  [eq (2.51)] 
 
Calculate  [eq (2.48)] 
No 
Yes 
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Figure 2.13 Face plate among shear connectors 




























=  −  
 (2.53) 















=  −  
 (2.54) 
The face buckling factor χ  is derived from Perry-Robertson as: 
 
21 ( 1)( / ) 1 ( 1)( / )
2 2




η σ η σ σ
χ
 + + + +   
= − −            
 (2.55) 
where: 
 2 03(1 )a
e
t
η υ  = −  
 
 (2.56) 
where the initial eccentricity of plate 0e  for flat SCS sandwich panel is 








where x ys s s= . 
In-plane shear stress arises from torsion T  and direct in-plane shear pSdV  and may 










Note that t in equation (2.58) is the thickness of steel face plate under consideration. 
The second term in equation (2.58) assumes that the in-plane shear is resisted by steel 
face plate only, as the stiffness of steel is much higher than cracked concrete core.  














 =  −  
 (2.59) 
The effective yield stress based on von Mise stress criterion is: 
 / 3ye yf f=  (2.60) 
Similarly, the face buckling factor χ  is derived from Perry-Robertson formulation as: 
 
21 ( 1)( / ) 1 ( 1)( / )
2 2





η τ η τ τ
χ
 + + + +   
= − −            
 (2.61) 
The flowchart to calculate face plate buckling factor is demonstrated in Figure 2.14. 
Therefore, shear buckling is prevented if equation (2.65) is satisfied. 
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Figure 2.14 Flowchart to calculate face plate buckling factor 
2.2.9 Check of design stresses 
In this final step, the stresses calculated in previous steps shall be checked to ensure 
the design stresses are less than the limiting stresses. 






≤  (2.62) 






≤  (2.63) 
Define properties   
Go to Figure 2.15 
Calculate  [eq (2.57)] 
 
Yes 
Calculate ,  and [eq (2.56), (2.54) 
and (2.59)] 
   
No 
Calculate  [eq(2.55)] 
Calculate  [eq(2.61)] 
Calculate  [eq(2.60)] 
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≤  (2.64) 
To prevent shear buckling: 





<  (2.65) 
The stresses checking procedure is demonstrated in Figure 2.15. If the above 
equations are not satisfied, one needs to change design parameters to go through the 
steps in this chapter. 
 
Figure 2.15 Flowchart to check stresses 
Apparently the elastoplastic design philosophy adopted herein is strength based. For 
preliminary sizing purpose, design charts are developed based on SCS of 100mm 
concrete core, steel plate yield strength of 235 to 355MPa, concrete strength from 
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12MPa to 90MPa, and steel face plates thicknesses varying from 2mm to 12mm. The 
design charts read out the plastic moment capacity per unit width within the effective 
width of a sandwich beam construction. The single contour lines above the diagonal 
line are an embodiment of effective sections given in Table 2.4 that the concrete 
sections are actually not contributing to the section flexural capacity of the sandwich 
beam when the compressive steel face plate is thicker than the tensile steel face plate. 
The characteristics of the SCS sandwich beam imply that in order to produce 
economic design, the thickness of tensile face plate should be higher than that of 
compressive plate. 
 
Figure 2.16 Preliminary sizing design chart for fy=235MPa, hc=100mm various 
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Figure 2.17 Preliminary sizing design chart for fy=275MPa, hc=100mm various 
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Figure 2.18 Preliminary sizing design chart for fy=355MPa, hc=100mm various 
concrete strengths and plate thicknesses 
 
2.3 Partial composite and its implications 
In previous section, full composite method aiming to ensure full utilization of 
composite effect of SCS sandwich structure is discussed. As displayed, it is of great 
importance to ensure the longitudinal shear transfer between two steel face plates and 
concrete core. To achieve this objective by mechanical shear connectors, it is 
sometimes inevitable to have a jungle of shear studs embedded inside the concrete 
core especially for very high shear zone. This will lead to three major problems 
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contractors, the construction cost will be driven up substantially due to the costs of 
large number of shear connectors and associated works of marking, welding and 
assembling. Secondly, due to close spacing of shear connectors, the requirement for 
flowability of concrete will be very high. Without finely tuned concrete, proper 
pumping and thorough vibration, some flaws such as voids around the shear 
connectors are inevitable. This will cause the shear connectors not being able to 
transfer shear force effectively considering the shear capacity greatly relies on the 
bearing capacity of concrete surrounding steel shear connectors as stated in equation 
(2.37). Finally, to achieve optimum design aiming to have more concrete core in 
compression, the neutral axis should be shifted toward bottom plate as demonstrated 
in Figure 2.16 to Figure 2.18. Therefore, top plates are normally thinner. Shear 
connectors may cause high stress concentration leading to tearing of the top face 
plates. It is also noted by many research works that full composite can achieve 
slightly higher ultimate resistance, but at a cost of reduced ductility. For example, the 
experimental study on the composite beam (Loh et al. 2004) has shown that higher 
degree of shear connection will lead to local buckling of steel section; whereas lower 
degree of shear connection will lead to slightly lower moment capacity. However, the 
deformation of shear connector will enable load redistribution and more ductile 
behavior, which is a more important feature when accidental overloading happens. 
This has been pointed out by previous research work (Nethercot et al. 1995). The 
significance of rotational capacity for continuous composite structures was 
highlighted as it is beneficial to allow for moment redistribution when plastic analysis 
is employed for design.  
As a result discussed above, it is necessary to account for the deformable shear 
connector and partial composite design with degree of shear connection less than 1. 
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The full composite or rigid shear connection assumes no slip occurs at the steel 
concrete interface. The neutral axis is unique. The longitudinal shear force at interface 
can be readily calculated as per equation (2.33). For partial shear connection, the 
neutral axis will be different, especially when the shear connection is nonlinear and 
has unloaded.  Because of inelastic deformation of concrete and steel, shear force will 
be localized at the interface due to strain difference of two materials, therefore 
producing large slip. In this way, the moment and force will be redistributed.  The 
degree of shear connection is conventionally defined as: 
 /a fn N N=  (2.66) 
where Nf is the least number of connector such that the bending resistance of the beam 
will not further increase. The actual employed shear connector number is denoted as 
Na. Such high nonlinearity and invalidity of classical linear beam theory call for more 
computer dependent nonlinear tool to analyze the overall composite structural 
behavior such as the ones proposed by (Gattesco 1999; Loh et al. 2004). These 
methods together with many other advanced numerical techniques will be discussed 
focusing on their assumptions and limitations. 
2.4 Existing analytical and numerical modeling of deformable 
mechanical shear connection 
Widely accepted belief in steel-concrete composite design is that one cannot stress 
enough on the importance of force transferring between steel and concrete. Many 
research efforts have been exerted on the numerical modeling force transfer 
mechanisms. Quite a number of numerical modeling techniques have been proposed 
to improve our understanding of this seemingly simple but complex and fundamental 
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problem. In this section, all the numerical models proposed up to date to the author's 
best knowledge are reviewed and discussed. 
2.4.1 Direct 3D solid model for shear connectors 
As the shear connectors are embedded inside the concrete to transfer mainly the 
longitudinal shear force, a number of research works have been carried out 3D finite 
element analysis involving direct contact or merging of nodes as a straightforward 
measure to investigate the behavior of shear studs in push out tests. Some noteworthy 
works are summarized in this section.  
Early numerical modeling of shear connector was reported by (Kalfas et al. 1997). 
Solid concrete slab is modeled as 3D element, whereas the steel section and shear 
connectors are all modeled as beam elements. Therefore, it is a mixed 3D model as 
shown in Figure 2.19. The inelastic material properties have been taken into account. 
The nodes for concrete volume in front of the connector were merged with the shear 
connectors modeled as beam elements, whereas the ones behind are released. The 
merged region is shown as "Area 1" and "Area 2" in Figure 2.19. This is based on the 
observation by Jayas et al.'s tests (Jayas et al. 1987) and assumption that the stress is 
distributed monotonically along the shear connector length direction. Even though the 
load-slip curve was compared with the testing results showing a maximum 14% 
deviation, no thorough discussion was presented. Only the stress concentration was 
shown qualitatively rather than quantitatively.  
Ellobody and Lam has modeled the headed stud in steel-precast composite beams 
with nonlinear FEA (El-Lobody et al. 2002). In their work, the studs are modeled with 
quadratic solid elements C3D15 and C3D20. The material constitutive model is a bi-
linear stress strain curve with elastic to perfectly plastic behavior. Same as Kalfas et 
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al.'s work, the key assumption is that at very low load level, the stud shank is 
detaching from the surrounding concrete opposite from the loading direction. 
Whereas only the concrete, which is in front of the shank in the loading direction, is 
connected directly with steel stud shank and head. This modeling has provided a 
preliminary understanding about the stress concentration, failure mechanism and 
possibility to model such problem numerically.   
 
Figure 2.19 Kalfas' mixed 3D FE model of steel-concrete push out test 
 In the work by Clubley et al., a 3D FE model for SCS sandwich panel was proposed 
(Clubley et al. 2003). All the structural components were modeled as 3D linear 
elements as shown in Figure 2.20. However, the interaction between shear connector 
and concrete core was treated as 2-way spring elements as demonstrated in Figure 
2.25. Therefore, this model will be discussed in detail in section 2.4.2.  
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Figure 2.20 Clubley et al.'s 3D FE model mesh 
Similar to their earlier work, Lam et al. have applied the same model to study the 
behavior of headed stud shear connector in composite beam (Lam et al. 2005). A 
demonstration of their model is extracted from this paper and shown in Figure 2.21. 
This work applied the same FE modeling technique to study the standard composite 
push off tests given by Eurocode 4 (BSI 2004) employing solid slab. Parametric study 
was carried out to investigate the effects of shear studs shank diameter and height. 
The obtained numerical results compared well with calculation based on EC4, while 
BS5950 and AISC overestimated the shear capacity.  
 
Figure 2.21 El-lobody's FE model for shear connector 
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Further to their work, Ellobody et al. modeled shear connection in composite beams 
constructed with profiled steel sheeting (Ellobody et al. 2006). Trapezoidal profile 
and equivalent rectangular profile sheets were modeled as shown in Figure 2.22 with 
the former being more flexible and the latter being more rigid representing more stiff 
side slope. Their work assumed that the separation of profiled steel sheeting from the 
concrete slab has negligible effects. The concrete slabs were fully connected to the 
steel profile sheeting. Again, this model use the same treatment for the connection 
between shear connectors and concrete. A series of numerical parametric study has 
been carried out and compared with BS5950, EC4, and AISC. It was found that BS 
and AISC codes overestimate the shear capacity while EC4 is generally in good 
agreement with FE results but sometimes overestimates. 
 
Figure 2.22 Ellobody's FE model for composite beam with profiled steel sheeting 
Despite that several numerical models have been evolved over the years, the key 
assumption is still that the shear connectors and concrete bearing surface is a prior 
known. The nodes of shear connectors and concrete core are merged at the pre-
defined bearing surface. Clubley et al.'s work has proposed numerical model with full 
contact, which is modeled as smeared elements. A full contact pair numerical model 
was adopted by Xie et al. adopting standard Lagrange multiplier method (Xie et al. 
2004). Two surface friction coefficients of 0 and 0.5 were studied. A much finer mesh 
was adopted compared to that by Ellobody et al.'s work. The numerical model is 
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demonstrated in Figure 2.23. The numerical results by their study were compared with 
experimental results. The initial slip stiffness obtained by numerical analysis is higher 
than test results. The numerical predicted shear capacity agreed well with the testing 
results with higher friction coefficient leading to higher predicted shear strength. This 
model was then employed in numerical parametric study to study the influence of 
plate thickness. The stress distribution due to actual shear and bending along the shear 
connector is obtained especially when separation occurs. 
 
Figure 2.23 Xie et al.'s FE model for friction welded shear connector 
Lee et al. modeled the J-hook shear connectors as solid 3D elements (Lee et al. 2008). 
Full contact pairs were used to model the longitudinal shear interaction. They 
proposed discrete beam element to model the tensile interaction between a pair of J-
hook shear connectors. Therefore, this model is discussed in details in section 2.4.2. 
Almost all the 3D FE modeling were used to simulate push-out tests only. The 
objective is to calibrate the numerical model to compare with existing load-slip model 
for the design of longitudinal shear resistance in composite structures. It is almost 
recognized by all that it will be inefficient and cumbersome to apply 3D numerical 
modeling to full scale composite structures. This seemingly simple problem is 
complicated and calls for more efficient methods to model the interaction between 
Chapter 2 Literature Review  
53 
steel and concrete, so that shear and tensile force transferring mechanism can be 
accounted efficiently for complex configurations other than push-out tests on single or 
pairs of shear connectors only. 
2.4.2 Explicit spring elements to model shear connector or interaction 
Gattesco modeled the shear connector with springs (Gattesco 1999). The spring 
behavior followed the load-slip curve proposed by (Ollgaard et al. 1971). The 
concrete slab is assumed same curvature as steel section and no separation between 
the two in normal direction. In addition, he extrapolated the bond-slip relationships 
from others tests to include natural bond between steel and concrete.  
 
Figure 2.24 Gattesco's spring and interfacial slip model 
Clubley's 3D FE model has treated the interaction between steel shear connector and 
concrete as smeared connection elements with the 2-way spring analogy as shown in 
Figure 2.25 (Clubley et al. 2003). The smeared elements were used to simulate the 
material interaction over an area. The displacement can be spread through the area 
within adjacent finite elements and the smeared elements remain continuum to mesh 
refinement is somewhat avoided. However, the accuracy of results is not guaranteed 
as commented by Clubley et al. By trial and error, 3D spar elements or nonlinear 
spring element are defined to connect only at 3 lines along the solid shear connector 
between connector and concrete. 
Chapter 2 Literature Review 
54 
 
Figure 2.25 Clubley et al.'s smeared connection with 2-way spring 
When modeling composite beams, Chung et al. have proposed an explicit bi-
directional spring model to model the composite beam structures (Chung et al. 2005; 
Chung et al. 2006; Chung et al. 2008).  
Loh et al. used a discrete element to model shear connector (Loh et al. 2004). The slip 
strain distribution is following the partial interaction model proposed by (Ranzi et al. 
2004). The obtained slip distribution along the steel-concrete interface is then used to 
calculate the force using Ollgaard's load-slip relationship.  
Due to the considerate computational cost involved to model the realistic composite 
beam,  explicit 3D modeling of shear connector, especially when pairs of J-hook shear 
connectors are employed, is not feasible. Therefore, earlier research by Lee et al. has 
proposed uni-directional beam/spring element in the modeling of sandwich structures 
(Lee et al. 2008). The tensile properties of the pair of shear connectors dominate 
where they are away from projectile. Zero length discrete beam elements were used to 
model the tensile properties determined by pull-out tests. When modeling the J-hook 
connectors right beneath the impact projectile, the shear connector pairs tend to 
separate subjected to compression force. Hence, a finite length discrete beam was 
utilized for modeling of shear connectors located right beneath the projectile. This 
model is illustrated in Figure 2.26.  The longitudinal shear is transferred directly by 
the contact between shear connector and concrete core. Partial force is also transferred 
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by the discrete beam element to make two face plates work compositely. This model 
still requires huge amount of modeling and computation efforts due to large number 
of contact pairs, which is known for high computing resource consumption. In 
addition, no interaction between tension and shear can be captured. Finally, the 
damage cannot be included in the discrete beam element. If the application limits the 
stress level low, especially for the interaction between shear connectors and concrete 
core, the damage model will not be a major concern. Nevertheless, when the repeated 
high loadings are expected, the loading, unloading and reloading path will be 
important for the fatigue performance of composite configuration. In this case, the 








Figure 2.26 Lee et al.'s FE model using beam element 
Recognizing the numerical cost and difficulty to obtain a converged solution, 
Foundoukos et al. has proposed a simplified 2D finite element model for the analysis 
of Bi-Steel sandwich beam (Foundoukos et al. 2008). The through thickness shear 
connectors friction welded to both face plates are also modeled as 2D. The interaction 
between shear connectors shank ("BAR" as shown in Figure 2.27) and concrete core 
is modeled as contact pairs. Due to 2D simplification, the stiffness of the contact pair 
was initially calculated to be 1.2kN/mm2. However, the numerical results did not 
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agree well with the test results. Therefore, the stiffness was halved in order to match 
the numerical results to the experimental results. No explanation was further given on 
how this stiffness, which is crucial to numerical results, should be evaluated for 
different shear connector configurations. This is nevertheless non-trivial, as the 
spacing and pattern of shear connectors will affect the stiffness significantly. 
 
 
Figure 2.27 Simplified 2D FE model for Steel-Concrete-Steel sandwich beam 
(Foundoukos et al. 2008) 
2.5 Analytical model for bonded joint 
The RC beams retrofitted by steel or FRP plates have been successfully studied with 
some reasonable engineering assumptions. One of the most recent and widely adopted 
models was proposed by (Smith et al. 2001). In their work  the interfacial stress was 
studied analytically for the reinforced concrete beam with its soffit strengthened by a 
strip of fiber-reinforced plastic plate. The general solution for a fourth order 
differential equation ignoring the shear deformation is obtained as: 
1 2 3 4 1 2( ) [ cos( ) sin( )] [ cos( ) sin( )]
x x dx e C x C x e C x C x n n q
dx
β β τσ β β β β−= + + + − −  (2.67) 
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For value of x is large, the normal stress is assumed to be zero, which leads to C3 and 
C4 equal to 0. Therefore, equation (2.67) is simplified to: 
 1 2 1 2( ) [ cos( ) sin( )]
x dx e C x C x n n q
dx
β τσ β β−= + − −  (2.68) 
where 
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In above equations, q is the applied load on the top of beam, 1 1E I  and 2 2E I  are the 
flexural stiffness of RC beam section and FRP plate section. The width of the FRP 
plate is denoted as b2 while ta is the adhesive thickness.  
The longitudinal shear stress is obtained as: 
 1 2 1( ) cosh( ) sinh( ) ( )Tx B x B x mV xτ λ λ= + +  (2.72) 
where the λ  and 1m  are given as: 
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 (2.74) 
The coefficients C1, C2, B1 and B2 are determined from various loads and boundary 
conditions. The analytical solution was found to be satisfactory when the 
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strengthening plate is relatively thin, hence has smaller flexural rigidity when 
comparing with that of RC beam. For a SCS sandwich beam with two steel face plates, 
the obtained solution is not applicable. In addition, the application of SCS sandwich 
structure and newly built composite beam is generally where heavy duty loads are 
expected. The elastic assumption for the analytical solution is not applicable. What’s 
more, the presence of mechanical shear connectors makes the analytical solution 
elusive. 
2.6 Bonded steel-concrete composite beam 
As early as 1962, (Miklofsky et al. 1962) studied the possibility to employ epoxy in 
bonding compounds as shear connectors. The construction of Loch Tummel Bridge in 
1985 employed the “open sandwich deck” concept, where a thin steel plate was 
bonded to concrete to form a composite slab. This composite slab was then both 
mechanically connected to steel girder by shear studs and epoxy at the flange top of 
steel girder. However, no detailed analysis was available. Not until recent years, rising 
interests have been cast in the field of bonded steel-concrete composite beam. Series 
of experimental investigations were carried out on the load capacity and stiffness of 
bonded steel-concrete composite beam without mechanical connectors (Bouazaoui et 
al. 2007; Jurkiewiez et al. 2011; Souici et al. 2013). It is generally found that due to 
uniform adhesive bonded layer, stress concentration related to discrete shear 
connector is alleviated. The shear stress to ensure composite action can be effectively 
transferred by epoxy bonded joint. Comparing with full composite beam using shear 
connectors, the stiffness of composite beam using continuously bond joint is higher. 
The bonded composite beams have only been studied both analytically and 
numerically within recent decade as follow.  
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2.6.1 Modeling of bonded joint with epoxy bulk material 
Most of attempts to model the bonded joint are treating the epoxy as a elastic material 
adopting its bulk material properties. Au and Büyüköztürk studied the peel and shear 
fracture of debonding in FRP plated concrete affected by moisture (Au et al. 2006). 
Linear elastic fracture mechanics was employed to explain the interface separation 
mode and kinking of crack into concrete substrate. As will be discussed in section 3.1, 
such method is fundamental to understand the interface behaviour, but difficult to 
model the crack propagation and to be applied to large scale structure. A pre-exist 
crack must be modelled as shown in Figure 2.28. 
 
Figure 2.28 Analytical and numerical model of fracture energy release rate by 
(Au et al. 2006) 
 
Structural performance of epoxy bonded composite beams were investigated and 
presented with FEA together with analytical results in (Jurkiewiez et al. 2011). 
However, no details of FE modelling of adhesive layer were reported. The numerical 
results after the peak load is reached were also not reported. 
Luo et al. modelled the interface between adhesive layer and concrete layer with shear 
springs as shown in Figure 2.29, implying the failure is at concrete-adhesive layer 
(Luo et al. 2012). The adhesive layer adopted the bulk material properties of epoxy. 
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traction separation law to be discussed in section 3.2.1. Despite that parametric study 
was carried out, post peak load behaviours, where damage at interface is important, 
was not reported.  
  
Figure 2.29 Shear spring used to model the interface between concrete and 
adhesive  
2.6.2 Modeling of bonded joint with cohesive element  
Continuum cohesive element has been adopted to model the finite thickness layer in 
bonded steel concrete composite beam (Zhao et al. 2008). In their work, the bulk 
material properties of epoxy were employed in modeling the adhesive layer. Details 
of traction separation law are not given. For continuum cohesive element, a Drucker-
Prager model was used to simulate the elastic-plastic behavior of the finite thickness 
adhesive. This was not confirmed by testing. The numerical results and discussion 
seemed to concentrate on the failure of concrete and steel, rather than the adhesive 
layer. Numerical results reported were only up to the peak load at a certain deflection 
suggesting only full composite behavior was modeled. 
 
2.7 Slip capacity of composite section 
The strength is not the only factor when designing steel-concrete composite structures. 
Ductility is very important to ensure proper load redistribution when extreme loadings 
are applied to the composite structures. Therefore, in Eurocode 4 (BSI 2004) the 
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requirement for characteristic slip capacity is minimum 6mm. This imposes a 
significant challenge for numerical study. Due to difficulty of numerical convergence, 
most numerical analysis reviewed in this chapter cannot achieve such ductility 
requirement even for 3D push-out simulation adopting only one shear connector. For 
example, the numerical results presented in (Lam et al. 2005) obtained slip up to 5mm. 
The publication by (Wang 2011) acknowledged that his model had a limit for slippage 
up to 4mm. Due to the strong connector designed in the Bi-Steel sandwich system, the 
maximum slip reported in (Foundoukos et al. 2008) was slightly over 1.2mm for 
bottom plate. The top plate slip was much lower than bottom plate slip. The former is 
only about 14% that of the latter. The authors concluded that due to small top plate 
slip, the infinite top plate stiffness should be used for deflection calculation as given 
in (Xie et al. 2007).  
As discussed in section 2.3, most of economic composite design arises from the 
adoption of partial composite. The characteristics of a good partial composite design 
allows for lower stiffness, but the ultimate load carrying capacity is not much affected. 
Therefore, a higher interfacial slip is expected, where existing methods may not be 
suitable to address such design. All these limitations call for a good model for steel-
concrete slip in composite design. 
 
2.8 Closing remarks on existing models 
Most of the existing models discussed in this chapter are strength based. The 
conventional composite design is based on a transformed section and assumes plane 
section with full composite action. Some experimental results comparing partial 
composite and full composite beam has demonstrated that full composite may not be 
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best option. This is because the failure mode of full composite beam can be governed 
by buckling of steel member when overloaded. On the other hand, partial composite 
design will lead to a more economic and ductile steel-concrete composite system. 
Existing research and numerical modeling techniques can be categorized as follow:  
a) 3D explicit modeling of mechanical shear connector with dependency on the 
contact between steel and concrete;  
b) a simplified linear or nonlinear spring following certain load-slip analytical 
model or testing data; 
c) if epoxy is used, a finite thickness epoxy is modeled based on bulk material 
properties with linear elastic analysis; 
d) nonlinear shear spring to connect concrete substrate and adhesive without 
considering the tensile effect; 
e) 3D cohesive element based on continuum formulation rather than on traction 
separation law.  
The 3D modeling of shear connectors is only feasible to model the push-out tests due 
to high computational cost associated with 3D modeling, concrete constitutive model 
and contact algorithm. In many cases, severe convergence difficulty of implicit 
algorithm will make the explicit algorithm the only resort. However, explicit solver 
needs careful calibration, which is indeed difficult to extend to other models because 
damping ratio, mass scaling to address high computation cost etc. vary from case to 
case. Therefore, this is not practical for realistic engineering dimensions of steel-
concrete composite system. On the other hand, the simplified nonlinear spring model 
is a more practical method to model the composite beam or slab. The load-slip curve 
was incorporated to connect concrete and steel nodes at interface. Horizontal spring, 
vertical spring or both have been adopted by different researchers. They have 
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demonstrated some successful applications for conventional steel-concrete interface, 
where longitudinal shear dominates. There are also preliminary applications to model 
the bond between steel and concrete using longitudinal shear stress model based on 
slip. However, no interaction between shear and normal mode has been studied. It is 
nevertheless dangerous to ignore such interaction when both modes exist at 
complicated load combination. Indeed, Oehlers pointed out in the discussion of 
research findings by Gattesco et al. that "a normal force across the interface does 
exist in the composite beam which varies from compression to tension", therefore "no 
single push specimen can be used" due to the variation of its "restraints acting on the 
shear connection" (Gattesco et al. 1996; Oehlers 1996). This may not be so 
pronounced for conventional composite beam with steel section and concrete deck 
connected by shear studs. Nevertheless it is very important for the epoxy bonded 
partial composite beam as discussed in section 2.6, and novel SCS sandwich system 
developed in section 1.1.2. Existing numerical models to study epoxy bonded 
composite beam rely on the elastic-plastic material model of epoxy. The 
determination of these material properties under combined stress condition is difficult. 
In addition, the bond layer in the large scale of structural engineering is not uniform 
or perfect. The failure is not governed by one mode as experimental observation. 
From the point of view of practical engineering applications, it is more realistic to 
concentrate on the steel-concrete interface. The composite structures should be 
modeled by phenomenon derived interfacial behavior obtained from push-out or pull-
out tests.   
  





Chapter 3 Cohesive Zone Method for Steel Concrete Composites 
 
The failure and damage at the steel-concrete interface of composite structure may 
have various modes, which may be dependent on many factors. Conventional headed 
shear studs, novel hook connectors, and adhesive bond will lead to significant 
different damage behaviors. Some typical failure modes and corresponding traction 
separation curves are summarized in Figure 3.1. The traction is taken as the nominal 
stress in respective direction. Dependent on the actual configuration of connectors or 
adhesives, the traction separation shape can vary quite differently even though the 














(c) Straightening of hook connector  (d) Mixed chemical bond failure 





   
     
   








Chapter 3 Cohesive Zone Method for Steel Concrete Composites 
66 
 It is evident that the loss of composite action can be dependent on the concrete type, 
strength, thickness, connector type, spacing, strength, diameter, slip capacity, steel 
section thickness, steel strength, adhesive type etc. Despite large number of factors 
listed, various failure modes can be viewed as failure of composite action at steel-
concrete interface, which can be modeled by various traction separation laws with key 
characteristics such as maximum bond strength and maximum separation. Therefore, 
current study aims to employ cohesive zone method to model the composite action at 
steel-concrete interface. 
The concept of cohesive zone method will be introduced followed by various traction 
separation laws to be used in numerical study: triangular and exponential laws for 
epoxy bonded steel-concrete interface, trapezoidal law for double cantilever beam 
testing verification, and polynomial PPR law for mixed mode beam testing 
verification. Finally, a new tri-linear traction separation law will be derived to model 
important hardening and softening branches for mechanical connectors. An effective 
damage based model for mixed-mode failure is also proposed. Tri-linear traction 
separation law together with effective damage model will provide an efficient 
numerical tool for analysis and design of composite structures. 
    
3.1 Introduction to CZM 
Nucleation and propagation of crack belong to fracture mechanics, which is an 
important branch in engineering science. There are many ways to simulate such 
phenomena analytically and numerically. Linear elastic fracture mechanics (LEFM) 
was firstly successfully adopted to evaluate the mechanical behavior at the crack tip. 
For design purpose, the stress intensity factor K  or the strain energy release rate G  
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can be used to determine whether a known existing crack will advance in the 
predefined crack propagation direction. The calculated stress intensity at the crack tip 
will be compared with the critical fracture toughness to determine if the crack will 
propagate under the applied loadings. To extend this concept further, the work exerted 
by the applied load needs to be great enough to form new cracking surface ahead of 
the crack tip. Numerically, this has been implemented as virtual crack closure 
technique (VCCT). These numerical methods generally involve the calculation of J-
integral and need to deal with the singularity at crack tip among other constrains 
discussed as follow.  
From the preceding brief descriptions about LEFM, some important characteristics 
are discussed with limitations. Firstly, inputs of the crack size and propagation 
direction are prerequisites for numerical simulation. Obviously, such requirements are 
more suitable for structural health assessment when such damage or flaw is identified, 
but not for understanding and design of somewhat new and complex structural forms. 
Generally, it is difficult to identify the crack at interface between steel and concrete in 
composite structure especially in sandwich structure. The steel face plate is stiffer and 
less prone to failure. The failure is more limited within the concrete layer, shear 
connector and the interface between steel face plate. Therefore, unless a thorough non 
destructive testing (NDT) is employed, it would be impossible to identify the location 
and size of crack/flaw for SCS sandwich structure. Even with NDT carried out on site, 
the measurement of crack is not on the same fine scale of LEFM requires. Hence, it is 
straightforward to apply LEFM to simpler cases such as plain strain problems. 
Nevertheless, under complicated geometry and stress status, only well calibrated 
numerical model can be used.  
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Secondly, the fracture process zone must be small enough comparing to other 
dimensions in the structural member so that the fracture phenomenon is energy driven 
and LEFM is valid. Therefore, the fracture process zone at the crack tip needs to be 
extremely small, which requires very fine mesh close to crack tip causing very high 
numerical computation cost. On the other hand, if the fracture process zone is a 
relatively large nonlinear zone, and for certain problems involving material 
compatibility issue and nonlinearity in terms of both geometry and material 
constitutive relationship, e.g. the SCS sandwich system, LEFM is no longer a valid 
tool, or at least not a convenient tool to adopt.  
Lastly, it is of great importance to model the damage process and evaluate the residual 
strength, especially when the load is cyclic and certain degree of debonding already 
happened. Even though VCCT can be implemented to simulate the propagation of the 
crack, substantial amount of work is required to cope with calculation of fracture 
parameters behind and ahead of predefined crack tip. Re-meshing is needed to 
advance the crack when propagation criterion is met. All these limitations of LEFM 
call for a robust numerical modeling technique. The cohesive zone model described in 
the following part of this section will try to address the aforementioned limitations. 











Figure 3.2 Crack process zone concept 
As demonstrated in Figure 3.2, the interfacial failure is treated as three zones for a 
steady state crack nucleation and propagation process:  
1) un-cracked zone ahead of crack tip along the crack propagation direction; 
2) Crack initiated and damage evolution zone; 
3) Cracked and fully damaged zone. 
To link the cohesive zone model with well understood LEFM, and by limiting our 
discussion at steel-concrete interface, the fracture toughness in terms of J integral is 
therefore: 
 ( ) 0
cpL
J d Jσ δ δ= +∫  (3.1) 
In equation (3.1), the relative separation of two interfaces is denoted by δ , and as 
shown in Figure 3.2. The traction in the direction of separation is a function of 
separation and denoted by σ . The integration domain is along the length (Lcp) for 2D 
problem, or area for 3D problem, of the crack initiation and damage evolution zone. 
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The fracture toughness at the crack tip is 0J , which is well defined by LEFM. 
Therefore, it is obvious that the fracture energy in the damage process zone is 
represented by the integral part of equation (3.1). It shall be highlighted that we are 
ignoring kinking phenomenon thus limiting the crack propagation path at the interface. 
This is a reasonable assumption considering material properties, common 
experimental observations and most importantly the objective to model composite 
action by CZM.  
Cohesive elements have two types of constitutive responses, namely continuum based 
response and traction-separation response. The former is suitable for bonded joint 
where the adhesive layer is thick and adhesive material properties needs to be 
incorporated. On the other hand, the traction-separation response is applicable for 
bonded joint where the adhesive thickness is negligible compared with adherends. In 
this study, traction-separation response is employed as cohesive elements are adopted 
here to model the interfacial behaviour. From here on, the constitutive response of all 
cohesive elements in this text is traction-separation type. 
The cohesive elements in ABAQUS can model initiation of crack, propagation of 
crack and eventually the failure of bonded joint. Before the initiation of damage, the 
response of the interface is normally linear elastic. However, the stiffness is not 
directly related to the elastic modulus of bulk adhesive material. The suggested 
definition of stiffness is an arbitrary large value (ABAQUS 2010). The damage 
initiation can be determined by stress or displacement components, which will be 
discussed in the following sections. The damage evolution is related to fracture 
energy concept. However, different from conventional LEFM, the cohesive elements 
do not require the specification of pre-crack and crack propagation vector as 
Chapter 3 Cohesive Zone Method for Steel Concrete Composites  
71 
preceding discussion in this section. The initiation and evolution of damage are 
automated based on either displacement criteria or strength criteria.  
3.2 Damage and failure mechanism of CZM 
In this section, four broad types of cohesive constitutive law are discussed, namely 
linear triangular, trapezoidal, exponential and polynomial traction separation 
constitutive laws. These three constitutive laws are traction separation laws that are 
most common constitutive laws adopted by researchers. The differences are suggested 
by their names on the post-crack behaviors: a) linear unloading of triangular law; b) 
bi-linear hardening/softening trapezoidal law; and c) exponential law. These will be 
discussed in the following sections in detail. Nevertheless, all these three constitutive 
laws are linearly elastic before the crack initiation, which can be defined by either 
critical displacement 0δ  or critical stress 0τ . The area under the linear elastic traction 
separation part is correspondent to the Jo in equation (3.1). If this part is not linear 
elastic, other traction separation laws such as polynomial model (Park et al. 2009) and 
Xu and Needleman's exponential model (Xu et al. 1993) have been proposed by some 
researchers and will be discussed. Nevertheless, such traction separation laws are not 
suitable for applications in this study, despite that certain degree of numerical 
advantages can be gained. 
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Figure 3.3 Comparison of typical traction-separation constitutive laws 
 
Figure 3.4 Comparison of corresponding typical damage evolutions 
3.2.1 Triangular traction separation 
Cohesive zone is generally modelled with a constitutive response of traction-
separation by ignoring the thickness of bonded layer. The most common traction 
separation constitutive model is bi-linear model as demonstrated in Figure 3.5. In the 
graph, 0τ  marks the onset of damage in cohesive element, and 0δ  is the corresponding 
separation between the top and bottom face of cohesive element.  Since the initiation 
of the damage, cohesive zone is softened until the failure displacement fδ  is reached. 
After the damage initiation, the stiffness of cohesive element is softened by damage 
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the element. In general zero thickness cohesive elements, the stiffness K can be 
considered as penalty in order not to introduce compliance to the whole model. 
Nevertheless, the choice of the initial stiffness is quite objective and involves trial and 
error. Therefore, in this study we will use the data obtained from tensile test and push 
out test. The stress at the integration point considering the damage model is therefore 
defined as 
 0 (1 )K Dτ = ∆ −  (3.2) 
The energy release rate cG is the area under the bi-linear constitutive response, i.e. the 
area of the triangular shape. The following relationships can be defined: 
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Figure 3.5 Typical bi-linear traction separation law 
Equation (3.3) to (3.5) apply to all the three modes, namely opening and two shear 
directions. In real applications, the onset of damage is likely caused by mixed mode 
loading. The damage will initiate before the critical traction 0τ  for a mode is reached. 
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It is therefore important to define a mode mix criterion. The mode mix criterion will 
be discussed in section 3.4 in detail. 
The damage initiation criterion can be setup to follow either maximum 
traction/separation form or quadratic traction/separation form. The maximum stress 







+ + =  (3.6) 
In equation (3.6), the MacAuley bracket  is to ensure that only tension will cause 
separation and damage. The operation of MacAuley bracket is ( )1
2
x x x= +  so that 
when compression presents, it does not contribute to damage of CZM. 
3.2.2 Tri-linear and trapezoidal traction separation 
The trapezoidal traction separation is different from the triangular damage evolution 
in that the interfacial stress unloading rate of range of separations 1 0( )δ δ−  will be 
different from that of range 1( )fδ δ− . The obvious difference in terms of damage 
evolution of trapezoidal traction separation constitutive law is that there is an abrupt 
change of the damage matrix at 1δ  after crack initiation. The parameters needed to 
define trapezoidal law are illustrated in Figure 3.3 and Figure 3.4. In current study, the 
trapezoidal law is generalized by a new tri-linear law. The damage variable D is 
derived based on the relative separations 0δ , 1δ , fδ  and characteristic tractions 0σ  
and 1σ . The formulae is given as follow: 
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In equation (3.7) maxδ  is defined same as the maximum separation up to the current 
loading history. Similar as the triangular traction separation law, the unloading and 
reloading path depends on whether the damage has initiated. The element stiffness is 
updated accordingly at each step. By substituting equation (3.7) into equation (3.2), 
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The reason for deriving of equation (3.8) is that the tangent stiffness can be obtained 
directly. The value of 1σ  makes tri-linear law a versatile model. If 1σ  is higher than 
0σ  a hardening effect can be modeled. When 1σ  is lower than 0σ , exponential law 
can be approximated. At a certain level in between, tri-linear law will approach 
triangular traction separation law. These are illustrated in Figure 3.6. 









Figure 3.6 Variance of tri-linear traction separation law 
3.2.3 Exponential traction separation 
In many research, the exponential traction separation law is found suitable especially 
for adhesive to fiber interface in fiber reinforced plastic. With same 0σ , 0δ  and fδ , 
the fracture energy represented by exponential traction separation law is relatively 
small compared with triangular and trapezoidal laws.  
The exponential traction separation laws can be implemented in two ways. Firstly, 
like the numerical implementation in (ABAQUS 2010), the initial stage can be linear 
elastic as shown in Figure 3.3. Only after the maximum traction is reached, the 
exponential law will be used to describe the damage evolution of the cohesive zone. 
















The value of α  defines the shape of exponential law therefore the fracture toughness 
of the interface. It is required that α  should be positive.   
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Another widely used exponential law was proposed by (Xu et al. 1996). The 
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(3.10) 
In equation (3.10), n∆ = ⋅∆n  and t∆ = ⋅∆t  denote the projection of separation on 
reference normal and tangential planes respectively. The parameter q is defined as 
/t nφ φ  and r is defined as * /n nδ∆ . The value 
*
n∆  is the value of n∆  after complete 
shear separation with 0nT = . This value is not given but will be derived in this text. 
The value of nφ  is the area under the pure normal traction separation constitutive law 
and can be calculated as: 
 ,maxexp(1)n n nTφ δ=  (3.11) 
It shall be noted that the value nδ  is the characteristic length of the decohesion 
process. It is where the normal traction attains its maximum and defined as 0δ  in 
previous sections. The nomenclature is used here to be consistent with the references. 




Tφ δ=  (3.12) 
The value tδ is the characteristic length of the shear mode. However,  does not 
mark the shear separation corresponding to the maximum shear traction. This is the 
length of Burgers vector, that defines the distortion. The maximum shear traction is 
reached when / 1/ 2t tδ∆ = . This can be derived from equation (3.14).  
tδ
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The traction in shear and normal is therefore obtained by differentiation of (3.10) with 
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 (3.14) 
When the equations (3.13) and (3.14) are uncoupled, that is, 0t∆ ≡  when studying 
pure normal separation and 0n∆ ≡  when studying pure shear separation, the 
normalized traction separation constitutive relationships are plotted in Figure 3.7. 
When such condition is defined, the equation (3.13) and (3.14) are only functions of 
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Now *n∆  is derived. Because the original construction of the exponential interfacial 
cohesive law defines *n∆  as "the value of n∆  after complete shear separation under 
the condition of zero normal tension, 0nT = ". Two conditions must be fulfilled 
simultaneously by observing equation (3.13) and (3.14).  That is, when t∆ → ∞  and 
*




( , ) 0








Some research has parametrically studied the effect of different combination of r and 
q (van den Bosch et al. 2006). The maximum normal traction *nT after complete shear 
separation under the condition of r q=  is: 
 * ,max( , ) (1 )n n nT r T∆ ∞ = −  (3.18) 
The normal traction will only reduce to zero if 1r q= = . The physical interpretation is 
that the Mode I and Mode II fracture energies should be same and *n nδ∆ = . However, 
1r =  will cause numerical problem due to the denominator term in equation (3.13). 
The limit value of 1 for this term should be used. After simplification, the contribution 
of r and q will disappear. Another discussion is based on if *( , ) 0t n tT ∆ ∆ = , then the 
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   ∆ ∆− − −   + = + = =      − − −      
 (3.19) 
This will lead to: 
 *n n qδ∆ = ±  (3.20) 
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Because /t nq φ φ= , and as many theoretical research based on this exponential model 
has assumed that t nφ φ= , equation (3.20) will lead to 
*
n nδ∆ =  considering the 
Macauley bracket. The implication is that when n∆  reaches nδ  corresponding to the 
maximum normal traction, the shear traction will drop to zero. Such assumption is not 
valid for most cases. However, due to lack of experimental method to identify, this 
assumption has been used widely. In this author's opinion, it is not correct though and 
should not be used unless proper experimental results support this assumption.  
3.2.4 Polynomial traction separation laws 
Through the discussion of sections 3.2.1 to 3.2.3, several most common cohesive 
constitutive relationships, which are potential to be adopted in SCS sandwich 
structures, are discussed. A common property is that the arising part of traction-
separation is linear elastic. The portion after crack initiation is either linear, bi-linear 
or single parameter dependent exponential relationship. These are most widely 
studied and applied traction separation laws. Only a few researchers have proposed 
other traction separation laws. A noteworthy model was proposed by Park and 
Paulino using a unified potential energy based traction separation law (Park et al. 
2009). The form is similar to the Xu and Needleman's exponential law but in the form 
of polynomial terms rather than exponential terms. The mode mix is also incorporated 
in the model. The unified potential energy in terms of normal and shear separation is 
expressed as: 
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    ∆ ∆ Φ ∆ ∆ = + Γ − + + −           
    ∆ ∆ × Γ − + + −           
 (3.21) 
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where ∆  is the separation of cohesive layer, φ  is the fracture energy in the pure mode, 
Γ  is the energy constants related to fracture energy, m and n are associated with 



























α  and β  are the shape factors for mode I and II. Similarly with other sections, the 
subscripts n and t denote the normal and tangential direction respectively.  
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The traction as a function of separation in the corresponding directions can be 
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 (3.26) 
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Equations (3.25) and (3.26) are constructed that when maximum separation is reached, 










. It shall also 
be noted that due to mode mix, when the conjugate separation *nδ  or 
*
tδ  in the 
orthogonal direction is reached, the counterpart traction also reaches 0. The conjugate 
separation depends on the magnitude of fracture energy due to Macauley bracket. 
When n tφ φ< , the 
*
n nδ δ=  and the determination of 
*
tδ  requires solving of a 
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 (3.27) 
The critical separations nfδ  and tfδ  marking the full formation of cracks and can be 
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 (3.29) 
3.3 Determination of cohesive element stiffness 
In previous discussion, we assume the cohesive element stiffness is deterministic 
before the initiation of damage. It is equally important to determine the initial stiffness 
of the element before the damage as this will dictate the damaged stiffness as equation 
(3.2). Along the development of cohesive theory, several methods have been proposed.  
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Daudeville et al approximated the stiffness based on the elastic moduli and thickness 
of rich resin zone as (Daudeville et al. 1995):  
 0 0 03 13 232 2; ; ;I II III
i i i
E G Gk k k
t t t
= = =  (3.30) 
where 13G , 23G  and 3E  are the elastic moduli of the rich resin zone and the thickness 
is denoted as it . The subscript of stiffness k denotes the fracture modes as defined 
earlier. This is based on the assumption that the thickness of this resin rich interface 
zone is much smaller than that of adherends layer. The stiffness obtained is generally 
very high and requires the bulk material property of resin rich zone. For thickness 
approaching zero, this value is approaching infinity. 
When modeling inter-laminar and intra-laminar damage of filament-wound pipes, Zou 
et al. proposed that the interfacial stiffness should be taken as a penalty term (Zou et 
al. 2002). The cohesive element initial stiffness is chosen as a large enough value to 
provide "reasonable" connection force between adherends yet small enough to avoid 
associated numerical problem. A reasonable choice proposed by Zou et al. is between 
104-107mm-1 times the shear and tensile strength. The delamination criterion is then 
set as the energy based  power law. After the delamination, the stiffness is set as 0. 
Similarly, the work by Camanho et al. proposed the stiffness as a penalty term 
(Camanho et al. 2003). In the example of Camanho's work on AS4/PEEK composite 
laminates, the penalty stiffness is taken as 106N/mm3.  








Figure 3.8 Effect of elastic cohesive stiffness 
The mesh size effects of CZM is studied in (Turon et al. 2007). A clearer and more 
relevant to current investigation diagram is illustrated in Figure 3.8. When external 
force q is applied to adherend with elastic modulus E3, the adherend thickness is 
changed from t  to  t tε+  and the adhesive layer separation is ∆ . Considering the 
equilibrium of force, the traction at the interface can be written as: 
 3E Kσ ε= = ∆  (3.31) 
Denoting the effective strain of the composite layer including adherend and adhesive, 
and assuming the initial thickness of adhesive layer is 0, the effective strain can be 
written as: 




= = +  (3.32) 
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 (3.33) 
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It can be observed from equation (3.33) that when 3 /K E t>> , the effective modulus 
effE  approaches 3E . In other words, when the interface stiffness is large enough, the 
composite layer's deformation will not be contributed by the interface. It justify that if 
the bond line is properly designed, composite can be modeled as two adherends tied 
together without considering the relative displacement of two adherends. However, 
this is not the case for SCS sandwich system investigated in this text. For convenience, 
the parameters 3/effE Eα =  and 3/n Kt E=  can be introduced and plotted in Figure 3.9. 
When n is 19, the effective stiffness is 95% of the adherend elastic modulus. When 
stiffness of the cohesive layer has the same magnitude of adherend, the effective 
stiffness will be governed by the thickness of adherend. In general, adherend layer 
thickness is much higher than adhesive. Contribution from adherend still governs the 
performance of bonded composite structure. Therefore, to model the structural 
performance in a global scale, it is reasonable to use either the tested actual stiffness 
or the lower of adherend stiffness.  
 
Figure 3.9 Effect of interface stiffness 
The stiffness in the direction of governing mode has very direct effect on the 
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LEFM are generally assuming the same stiffness for both adherend and adhesive layer. 
This generally produces a more stiff behavior. The initial stiffness for cohesive zone, 
with the unit of N/mm3, therefore has certain effects on the overall structural behavior. 
This will be demonstrated in section 4.7.1.    
3.4 Mode interaction for combined tensile and shear traction 
 In most of the practical cases, even for a well-designed and fabricated double 
cantilever beam (DCB) test, the interfacial behavior is hardly a pure mode. Some of 
the researchers have treated the problem uncoupled. This treatment of uncoupled 
damage mechanism is reasonable only when the damage is governed by either normal 
mode OR tangential mode. As demonstrated in next chapter, it will significantly 
overestimate the structural response when the mode interaction is ignored. Therefore, 
to understand the interfacial behavior in a realistic manner, it is essential to investigate 
the mode interaction of cohesive zone. Since current available testing measures on 
mode interaction are difficult if not possible at all, the bottom line is to investigate 
such phenomenon numerically by parametric study.  
Generally, there are two methods coping with the coupling of three modes: 1) 
transformation and use of effective opening displacement and 2) employment of 
coupling parameters within the traction separation model directly. In these sections, 
various models are discussed with the concentration on the suitability to model the 
steel-concrete composite section. In order to evaluate the models straightforward, the 
characteristics of various models are plotted and examined. 
In addition to the separation dependent mode mix description, another branch to 
model such phenomenon based on the energy criterion. The model will be discussed 
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in section 3.4.3 and a choice suitable for the macroscopic interfacial behavior will be 
recommended.  
3.4.1 Effective opening for mode interaction 
The effective opening displacement was firstly proposed by Tvergaard studying the 
effect of fiber debonding in Whisker-reinforced metal (Tvergaard 1990) and adopting 
the normal only exponential / polynomial traction separation law given by 
(Needleman 1987). Most of the assumption is that mode II and mode III, or the 
tangential behaviors in the two interfacial plane direction is same. Therefore, 
Tvergaard's formulation linked both critical parameters of mode I and mode II and 
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 (3.34) 
 The tractions can then be determined as: 
 ( ) ( ),max ,max;n tn n t t
nf tf
T T f T T fλ λ
δ δ
∆ ∆
= =  (3.35) 
The function ( )f λ  ensures that the traction is zero when 1λ >  and non-zero when 
0 1λ< ≤ . Tvergaard has adopted the function ( )f λ  proposed by (Needleman 1987) 
with inclusion of effective opening λ  as:  
 ( ) ( )227 1 2 for 0 14f λ λ λ λ= − + < ≤  (3.36) 
By substituting equation (3.36) into equation (3.35) and considering mode I only, it is 
apparent that the traction reaches its maximum value when / 3nf nfδ∆ = . The work of 
Chapter 3 Cohesive Zone Method for Steel Concrete Composites 
88 
separation when n nfδ∆ =  is ,max9 /16n nfT δ . For compressive traction in normal 





















As this formulation does not have a generic potential energy term, only the normal 
and tangential tractions are plotted in Figure 3.10 and Figure 3.11 respectively. The 
assumed parameters are ,max 10nT = MPa, ,max 30tT = MPa, 3nfδ = mm and 5tfδ = mm. 
The pure model tractions, i.e. ( ,0)n nT ∆  and (0, )t tT ∆  are plotted as dash-dot lines in 
respective figures. Note that the value of λ  is limited to 1 as defined in equation 
(3.36).  
Figure 3.10 has shown that when / 3nf nfδ∆ = , the normal traction reaches maximum 
and approaches 0 when n nfδ∆ → . However, for pure model, there basically has no 
control of constitutive shape. Varying the parameter of 27/4 will directly vary the 
maximum traction described by this model hence it shall not be changed.  
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Figure 3.10 Mode mix of effective opening model in terms of normal traction Tn 
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When studying the impact damage in brittle materials, the work of (Camacho et al. 
1996) described the cohesive constitutive law as a rigid linear relationship, whereby 
0 0δ = . The mode mix description is such that the damage is only related to normal 
opening: 





= −  (3.38) 





= −  (3.39) 
The value nfδ  represents the complete normal separation when the crack surface is 
finally formed. Comparing equation (3.38) and (3.39), this model indicates that the 
failure is dominated only by the normal opening and the shear separation does not 
contribute to the failure. Equation (3.39) only calculates the shear stress coupled 
normal separation and the shear strength in Mode II and III. Due to the characteristics 
of this model, it is deemed not suitable to be employed for the current phenomena of 
steel-concrete interfacial behavior under study. Therefore, it is excluded for further 
numerical investigation. 
3.4.2 Direct modeling of model interaction 
The exponential model developed in (Xu et al. 1993) has considered the interaction 
between normal and tangential behavior. The surfaces of potential energy, normal 
traction and tangential traction as functions of normal separation tangential 
separations are plotted in Figure 3.12 to Figure 3.14. For illustration purpose and as 
discussed in section 3.2.3, the q and r are taken as 1.0, ,max ,max 100n tT T= = MPa, and 
100n tφ φ= = N/mm. The dash-dot line in Figure 3.12 shows pure normal and 
tangential modes. 
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The potential energy distribution as a function of n∆  and t∆  are shown in Figure 
3.12 indicates that the fracture energy can be higher than the pure mode energy 
especially when normal traction reaches maximum combined with tangential 
separation. One concern rises is when n∆  is minus indicating compression, the 
potential energy can be less than 0. This is due to the second term in equation (3.10) 
can be less than nφ .  
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Figure 3.13 Mode mix of exponential law in terms of normal traction Tn 
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As discussed in section 3.2.4, one important feature of PPR model is that the mode 
mix is directly incorporated inside the polynomial form. The potential energy, normal 
and tangential tractions of the cohesive layer are illustrated in Figure 3.15 to Figure 
3.17. In each figure, three planar projections and a 3D plot with contour at bottom 
plane are plotted to present a comprehensive mode mix, or how the separations in 
normal and tangential directions interact with each other to affect potential energy and 
tractions. In 3D plots, the intersection of spatial surface with the relevant planes are 
highlighted with thick dark lines demonstrating the pure modes of 0n∆ =  and 0t∆ = . 
The shape parameters are set as 5α = , 1.5β = , 0.5nλ =  and 0.2tλ = . The fracture 
energy for Mode I is set as 100 while for Mode II is set as 200. The maximum 
tractions are 10 and 30 for normal and tangential modes respectively. 
As shown in Figure 3.15, when the normal opening reaches 19.35nfδ = mm, the 
potential energy will remain constant at 100nφ =  regardless of increase in tangential 
separation. This is due to the fact that the crack is fully formed and the stiffness is 
completely degraded. Similarly, when the tangential separation reaches 8.897tfδ = , 
the normal separation will not contribute to the potential energy. However, it shall be 
noted that as n tφ φ< , the increasing in n∆  will prevent the potential energy from 
reaching tφ . At t tfδ∆ = , the potential energy is within the range of [ ],n tφ φ . It is 
highlighted that at tangential conjugate separation *tδ , the potential reaches nφ  and 
marks the completely failure of cohesive elements regardless of n∆ . This is described 
by equation (3.27). As discussed in section 3.2.4 and considering the example here 
has the condition of t nφ φ> , the conjugate normal separation 
*
n nfδ δ= .  
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The normal traction is plotted in Figure 3.16. However, it is noticed that after the 
conjugate tangential separation is reached, despite the positive normal opening, the 
normal traction will change from tensile force to compressive force. This is not a 
trivial issue for shear governed crack and damage phenomenon. This unphysical 
description is unlike the exponential model by Xu and Needleman (Figure 3.13) 
where when the tangential crack is fully formed, the normal traction will approach 
zero. This shall be addressed by numerical coding. On the other hand, as the 
conjugate normal separation *n nfδ δ=  , such spurious traction is not attached to 
tangential direction. It shall be noted, however, that when t nφ φ< , the situation just 
reverses. In other words, if the normal fracture energy is greater than the tangential 
fracture energy and the normal separation is greater than the conjugate normal 
separation, the tangential traction will start to change direction. The special case is 
when the fracture energy in two directions are same, conjugate separation will be 
same as the final separation. Such spurious traction will not result from the PPR 
model. 
Even though not plotted herein, the tangential traction is anti-symmetric about plane 
0t∆ = . It is straightforward as the tangential separation in both positive and negative 
directions yield same tangential tractions. However, the potential energy is symmetric 
about plane 0t∆ = . The negative normal separation which indicates compressive 
interfacial stress will be discussed in details in section 3.5. 
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Figure 3.15 Mode mix of PPR model in terms of potential energy  
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Figure 3.17 Mode mix of PPR model in terms of tangential traction Tt 
 
3.4.3 Damage initiation and evolution based on displacement or energy 
In most of research works, the damage initiation is determined by the maximum 
interfacial strength or the critical damage opening. As discussed earlier, many 
researchers assume that the traction separation constitutive shape does not play vital 
role in the prediction of interfacial behavior. Two of three parameters are therefore 
deterministic on the damage initiation and evolution. This assumption is suitable for 
bi-linear triangular law and linear-exponential law if the elastic part is not important 
and the damage initiated immediately. For the polynomial law discussed in section 
3.2.4, in addition to fracture toughness and maximum traction, the shape parameters 
α , β , λ  jointly determine the critical separations in an implicit way. In another 
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trapezoidal shapes for both Mode I and Mode II to study the plastically-deforming 
adhesive joints (Yang et al. 2001). However, in their model, plastic hardening part is 
flat as shown in Figure 3.18. The mixed-mode is based on the simple energy 










The value of 0IΓ  and 0IIΓ  are the total areas under the mode I and mode II traction 
separation model shown in Figure 3.18. The critical components of traction-separation 
work G in mode I and mode II are denoted with *IG  and 
*
IIG  respectively. They mark 
the occurrence of separation. The values of GI and GII will be determined numerically 
along the evolvement of EPZ as: 
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σ δ δ σ δ δ= =∫ ∫  (3.41) 
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 (3.42) 
This energy dependent damage evolution principle has actually uncoupled the traction 
separation in different modes since the traction σ  is only a function in its respective 
mode as shown in (3.41). The complete failure is only determined by equation (3.40), 
while it does not affect the calculation of traction and separation.  
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Figure 3.18 EPZ model using trapezoidal law 
A linear element's damage behavior is examined using PPR model. The element has a 
unity dimension with boundary conditions and nodes numbered as shown in Figure 
3.19. The loading procedure is controlled by displacement of nodes 3 and 4 in several 
steps: a) from 0 to 0.5mm; b) from 0.5mm back to 0mm; c) from 0mm to 1.0mm. The 
static loading path is marked with these steps in Figure 3.19. When the element is 
unloaded at 0.5mm displacement, the unloading will go back to origin. For step c) 
whereby the element is reloaded, the loading path will reverse back following the 
unloading path which is determined by the degraded stiffness governed by the 
unloading separation. Because the unified potential energy model calculates the 
current stiffness based on the maximum separation and the damage will start once the 
element is loaded, there is no general perception of “linear elastic” part. In other 
words, whether or not the unloading point has exceeded the maximum traction, the 
damage initiated together with the unloading point (or maximum separation) will 
determine the degraded element stiffness. In this sense, the maximum traction is NOT 
analogous to the yielding strength in the theory of plasticity. On the other hand, with 
bi-linear or tri-linear traction separation law, if the unloading point has not exceeded 
the maximum traction, the unloading and reloading paths will be determined by the 
Chapter 3 Cohesive Zone Method for Steel Concrete Composites  
99 
undamaged element stiffness. The damage should not have been initiated for a 





Figure 3.19 Normal traction separation damage using PPR model 
When the damage initiation is determined by separation, the initial element stiffness 
will differ given same strength, energy and loading history. The difference is 
compared in Figure 3.20. The energy before the maximum traction is reached will be 
reduced by 80% when the critical separation defined by n  is reduced by 90%. When 
the initial segment is linear before the first maximum traction is reached, such as 
those by triangular or tri-linear laws, this portion of energy is related to the elastic 
energy before “yielding”. The separation 0  corresponding to damage initiation 
traction 0  can be as important as the critical traction. The energy of the interface, 
which dictates how much external work can be dissipated by the interfacial damage, 
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Figure 3.20 Comparison of models with same parameters other than initial 
stiffness 
 
3.5 Modeling of compressive normal traction 
As defined earlier, the Macauley bracket make sure that the normal traction is only 
related to "opening" rather than "closing". Commercial numerical FE codes generally 
require definition of contact between the two substrates connected to the cohesive 
layer in order to prevent the penetration of master surface into the slave surface. In 
some text book or technical manual, the cohesive traction separation law is generally 
rendered a high stiffness in order to avoid artificial compliance due to introduction of 
cohesive layer. This is especially so when considering compressive case. The 
compliance of tensile behavior is a concern only when an infinitesimal cohesive layer 
is used to model the interaction between two adherends. This is not a concern when 
studying the interfacial behavior where finite thickness cohesive layer exists between 
two adherends. However, when the complex structural behavior is considered, the 
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algorithm, or its equal, is defined. Therefore, an examination of the compressive 
behaviors of relevant models is carried out in this section. 
Exponential law as evaluated in section 3.2.3 and section 3.4.2 will generally have 
very stiff "closing" behavior. This is indeed very similar to a penalty term in "soft 
contact" formulation. As illustrated in Figure 3.13, the normal traction will increase 
significantly when the separation is negative due to the term of exp( )n
nδ
∆
−  in equation 
(3.13).  
The effective opening defined by equation (3.37) is actually taking 
27
4 nfδ
 as the 
stiffness for compressive normal traction. This is a constant obviously demonstrated 
in Figure 3.10. 
For the PPR model, the normal “separation” is negative, i.e. the interfacial relative 
normal displacement is “closing”, compressive stress or the contact force will be 
generated. Using the same parameters, the compressive and tensile interfacial stresses 
(Mode I) with Mode II interaction have been illustrated in Figure 3.21. The dash dot 
line shows the curve where 0t∆ =  for pure Mode I. Current model demonstrates that 
when 0n∆ < , the normal traction becomes compressive. Nevertheless, if the 
interaction from shear is considered, the normal traction will become tensile as the 
discussion on spurious normal traction discussed in section 3.4.2. It is also noted that 
the compressive stiffness is much smaller than the tensile stiffness in normal direction 
if α  is higher than 3. This will introduce artificial compliance for contact. One of the 
key issue is that due to the term of exponents ( 1)α − , ( 1)m − , and the definition of m 
as given in equations (3.22), the shape parameter α  must be odd to yield real results. 
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On the other hand, the shape parameter β  does not have this limit due to the nature of 
in-plane shear and that the absolute value of t∆  is used instead. 
 
Figure 3.21 Mode mix of PPR model in terms of normal traction Tn considering 
interfacial compression 
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3.6 Effective damage model with tri-linear law 
3.6.1 Effective damage parameter 
In the previous investigation, the cohesive traction separation laws are discussed to 
demonstrate their advantages and limitations. CZMs have been widely used and 
proven to be a convenient way to model fracture and failure process at bi-material 
interface or pre-existing crack-front. Nevertheless, some parameters, e.g. *∆ , are non-
physical and difficult for interpretation in engineering applications. Therefore, an 
effective damage based cohesive law is proposed in this section. 
The physical meaning of effective opening is as a vector summation of the normal and 
tangential separations. The effective separation has a magnitude defined by equation 
(3.34). The tractions in the normal and tangential directions are based on the value q, r, 
fracture energies and the effective opening. However, it has been proven that this 
model with exponential law is only valid for equivalent potential energies in both 
directions. Even though the effective separation has a physical meaning in Euclid 
space, its effect on damage is not directly evaluated. Indeed, during the evaluation of 
traction within the fracture process zone, the effective opening is still decomposed. 
Apparently, these impose quite some limitations on the applications of this model. As 
discussed in section 3.4.3, the unified potential energy model will initiate damage 
once the interfacial layer is loaded. From the macroscopic viewpoint, this is not 
suitable for modeling of the steel-concrete composite interface, especially with 
involvement of shear connectors. The mode interaction is embedded in the 
formulation, which cannot be altered by the PPR model. It is undeniable that the PPR 
model is an advantage model with numerical efficiency to certain extent, the 
identification of the mode interaction is not straightforward and difficult.   
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In view of these limitations, current model is proposed based on the effective damage 
to model the crack process zone. The logic of the current proposed effective damage 
model is that if the bond strengths and stiffness are dependent on the same material, 
adhesive or shear connectors, the damage and degradation in one mode will have 
adverse effect on the other mode. Another drive is that for numerical method such as 
FEM, if the check is carried out based on the comparison of degree of damage at each 
step, the achievement of a continual field variable is not possible therefore cannot be 
implemented. Therefore, instead of effective opening and simple check of the 
maximum value of damage variable, the effective damage is proposed to determine 
the cohesive zone status with its definition given as: 
 ( ) ( )
1/
1eff n tD D D
ββ β = + ≤   (3.43) 
In equation (3.43), nD  is the damage parameter in normal direction whereas tD  is the 
damage parameter in tangential direction. Value of β  defines how strong the 
interaction are between two models. The smaller value of β , the higher interaction 
between two models. The interactions are demonstrated in Figure 3.23. When 1.0β = , 
the damage of 0.5 in both directions will lead to the complete failure of the cohesive 
element. If 2β = , the damage of 1/ 2  in both directions will lead to the complete 
failure of the cohesive element. The choice of interaction parameter β  depends on the 
nature of the interface to be modeled. However, attention should be given that Figure 
3.23 plots effD  as a function of non-dimensional damage parameters in pure mode 
only. Its expression in terms of separations and effect on tensile strength will be 
discussed in section 3.6.2. Most importantly, the introduction of effective damage has 
made the traction dependent on the effective damage continual and differentiable. 
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This is important as the calculation of tangent stiffness matrix using FE procedure is 
made possible. In other words, even when low mode interaction is adopted with high 
value of β , the calculation of traction and stiffness is still based on the maximum 
degree of damage or Deff. This model in comparison with the model adopting two 
shear and normal springs is realistic. 
 
(a) 1β =     (b) 2β =  
 
(c) 25β =      (d) 100β =  
Figure 3.23 Modes interaction defined by  
Due to its versatility to approximate broad categories of cohesive laws as 
demonstrated in Figure 3.6, tri-linear traction separation law is employed in current 
study. Nevertheless, other forms of cohesive laws can be employed as well using the 
effective damage model proposed in this section. In the following sections, the tri-
linear traction separation model is derived to incorporate the concept of effective 
damage and features of unloading/reloading. 
β
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3.6.2 Damage model for tri-linear traction separation law 
The tri-linear law is based on the damage variable given in equation (3.7). For most 
cohesive laws, the assumption is that after damage initiates, i.e. D > 0, the unloading 
and reloading will follow the path back to zero as shown in Figure 3.5, Figure 3.24 (a) 
and Figure 3.25 (a). When the damage is dominated by the shear connector shear 
failure, the unloading and reloading paths should be analogous to the elastoplastic 
modeling that the unloading should follow the elastic stiffness. This can be easily 
conceived when the shear resistance is dominated by the shear resistance of the steel 
connector. Indeed, the experimental investigation by (Topkaya et al. 2004) has 
reported such phenomenon. Therefore, there is a need for different models to describe 
the loading history dependent interfacial behaviors.  
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(a) Adhesive bond layer
 
 
(b) Mechanical shear connector 
Figure 3.24 Different typical unloading and reloading behaviors for adhesive 
bond (Alfano et al. 2009) and mechanical shear connectors (Topkaya et al. 2004) 














(a)     (b) 
Figure 3.25 Two laws for damage unloading and reloading paths: (a) adhesive 
bond; (b) mechanical connector 
For tri-linear cohesive law implemented herein, the unloading and reloading paths are 
demonstrated in Figure 3.25, whereby two types of damage behavior can be 
implemented. The dash-dot lines illustrate how the tractions are unloaded at various 
unloading points (i), (ii) and (iii). The conventional cohesive law has the unloading 
and reloading paths shown in Figure 3.25(a). However, when the analogy of plasticity 
is necessary to model the permanent damage at steel-concrete interface due to 
existence of mechanical connectors, the unloading and reloading stiffness will follow 
the initial undamaged elastic stiffness. This is especially a desirable feature for the 
scenario discussed above and when the fatigue performance is required. Therefore, 
the constitutive law, especially the damage parameter D, needs to be revised from the 
earlier derivation. The traction can be expressed straightforwardly as: 





where T is the traction. However, this will lead to a different mathematical description 
from common expression of damaged modeling as given in equation (3.2). As a result, 
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In equation (3.45), current interfacial separation is denoted as ∆  with other 
nomenclatures same as defined in section 3.2.2. If it is displacement controlled with 
monotonically increase of ∆ , i.e. maxδ = ∆ , equation (3.45) will be same as equation 
(3.7). For either case, the traction will still be determined by equation (3.2). 
Using the user element (UEL) developed for ABAQUS in Chapter 4, an example of a 
single element same as Figure 3.19 is verified using the modified tri-linear traction 
separation model. The element subjects to a loading-unloading-reloading history by 
displacement control of initial loading from 0 to 0.3mm; unloading from 0.3mm to 
0.1mm, reloading from 0.1mm to 0.8mm, unloading from 0.8mm to 0.5mm and 
finally reloading from 0.5mm to 1.0mm to the complete failure of the cohesive 
element. The hardening effect of 20% is used. It should be noted that when the 
element is damaged and unloaded to the extent that damage parameters being greater 
than 1, the traction will change direction. For the normal traction, this leads to 
compressive interfacial traction. The stiffness of this interfacial compression will not 
follow the predefined penalty stiffness though. Instead, the compressive stiffness is 
same as the initial elastic tensile stiffness. In reality, the unloading and reloading 
stiffness should be in between two cases as illustrated in Figure 3.25. For example, 
the experimental study on shear studs subjected to cyclic loading by (Gattesco et al. 
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1996) showed that depending on the load range, the stiffness subjected cyclic loading 
with high peak load will decrease by 15% to 25% compared with initial undamaged 
stiffness. The energy or the work done by the external forces for two models as shown 
in Figure 3.25 are compared in Figure 3.27. Apparently, the introduction of the 
permanent "separation" has led the energy status higher than those without the 
permanent "separation". This is because extra energy is required to close the 
permanent "separation" due to higher damaged stiffness. 
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Figure 3.27 Comparison of energy of tri-linear cohesive laws with different 
damaging behaviors 
Finally, in this section, the damage parameter given either by (3.7) or by (3.45) is 
necessary to be transformed by the equation (3.43) into an effective damage to reflect 
the current damage status of the cohesive zone. The traction is therefore defined by: 
 0, (1 )n n n effT K D= ∆ −  (3.46) 
 0, (1 )t t t effT K D= ∆ −  (3.47) 
It shall be noted that, the proposed effective damage model assumes no interaction 
between the two modes before any damage is initiated in either direction. On the other 
hand, if damage is initiated in one direction, the traction in the other direction will 
also be affected despite no separation in this direction. The feature of this numerical 
model is based on the assumption of the tension-shear interaction that any damage in 
tensile mode will cause the degradation in shear mode; and vice versa. However, if 
Unloading of model with 
permanent separation 
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the linear elastic stiffness K0 is very high accompanied by small 0δ , the damage will 
initiate very soon, making the initial undamaged region very small. This case will be 
very close to the polynomial unified potential energy model.  
In order to demonstrate the proposed effective damage model, the effective damage 
surface, normal traction and tangential traction each as a function of normal and 
tangential separations are illustrated in Figure 3.28 to Figure 3.30. This numerical 
example is calculated with the following 11 parameters: 0σ =1.0MPa; 0τ =1.0 MPa; 
1σ =1.2 MPa; 1τ =1.2 MPa; 0,nδ =0.2mm; 0,tδ =0.2mm; 1,nδ =0.7mm; 1,tδ =0.7mm; ,f nδ
=1.0mm; ,f tδ =1.0mm; and β =2.0.  
The pure mode damage parameters Dn and Dt are plotted with dash-dot lines. In 
addition, the effective damage parameter for the case that n t∆ = ∆  are plotted as blue 
dash-dot line in Figure 3.28 only.  It shall be noted that the pure mode damage 
parameter has the same shape characteristic as that given and discussed in Figure 3.4. 
Since the parameters used here indicate same tri-linear law for normal and tangential 
directions, Figure 3.29 and Figure 3.30 are basically the same.  
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Figure 3.28 Mode mix of effective damage model in terms of effective damage 
Deff  
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Figure 3.30 Mode mix of effective damage model in terms of tangential damage 
Tt 
3.6.3 Effects of mode interaction parameter β 
The effective damage parameter D is highly dependent on the mode interaction 
parameter β . As discussed in section 3.6.1, when β  is small, damage of one mode 
has more pronounced effect on the other mode. Whereas if β  has higher value, the 
mode mix interaction is relevantly weak or relaxed, i.e. the damage in one direction 
will not produce significant degradation in the other direction.  
Using the same parameters in section 3.6.2 but varying value of β  alone, the effects 
of damage interaction parameter is demonstrated in Figure 3.31. The shape of plane 
[Dn, Dt, Deff=1] and the contour projection on plane [Dn, Dt, Deff=0] clearly presents 




















β =1      β =2  
 
β =10      β =100 
Figure 3.31 Effect of mode interaction parameter β on effective damage vs. 
separations  
The numerical investigation in this section adopts the same pure mode cohesive 
behavior. Therefore, similar behaviors in terms of tractions are not plotted. However, 
if different strengths, energy and even cohesive law shapes in the pure mode are 
adopted, the influence of mode interaction parameter β  will depend on the weaker 
dominant mode. The effect of β  in such case is presented in the following section. 
 
3.6.4 Effects of different traction separation shapes interaction 
The tri-linear law is selected in current model because of its capability to represent 
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importantly, tri-linear can model the important hardening branch for mechanical 
connector behavior. By defining the key parameters and aiming to ensure fracture 
energy in pure modes, the traction cohesive law can be reasonably approximated. In 
most of the cohesive zone models, the traction separation responses of a cohesive 
section in different directions are following same shape. The commercial FEA codes 
such as ABAQUS have such limitation. If triangular CZM is chosen for normal 
direction, the same has to be implemented for tangential direction. This has limited 
the application of CZM to certain engineering problems. The proposed CZM has 
addressed this limitation since: 1) tri-linear response can be used for approximation of 
response of various shapes; 2) the effective damage model indeed allows different 
traction separation shapes for different modes. Due to its simplicity and 
straightforward engineering interpretation, the tri-linear is used to demonstrate the 
interaction between two modes. 
Same as the numerical example presented in previous section, the tangential mode 
behaviors remain same. As most Mode I (tension) behavior is weaker than Mode II 
and III (shear), the tensile behavior is defined by an approximated exponential law by 
the parameter of: 0σ =0.5MPa; 1σ =0.15MPa; 0,nδ =0.1mm; 1,nδ =0.2mm; ,f nδ =0.7mm. 
The mode interaction parameter β  is still defined as 2.0. The pure mode fracture 
energy for Mode I is 11.45% of that of Mode II. Current model renders good freedom 
to describe completely different behaviours in two modes. The energy, response shape, 
maximum traction, process zone length can be different. Yet the damage at critical 
separation is enforced. 
The effective damage parameter is plotted in Figure 3.32. Again, the pure mode 
damage parameters are highlighted in black dash-dot lines. The damage parameters in 
Chapter 3 Cohesive Zone Method for Steel Concrete Composites  
117 
two pure modes have quite different behaviours but similar to the typical damage 
parameters in Figure 3.4 even though the exponential law is approximated by the 
proposed tri-linear tri-linear law. Because relatively low Mode I strength and energy, 
the contour shows that Mode I will have strong effect on the Mode II.  
 
Figure 3.32 Effective damage parameter with different pure mode behaviors 
The normal traction and tangential traction as functions of separations in their 
respective directions are plotted in Figure 3.33 and Figure 3.34. The Mode I behavior 
is shown in the bottom left corner plot of Figure 3.33, whereas the Mode II behavior 
is shown in the upper right corner plot of Figure 3.34. Because of the relative high 
damage tolerance, the tangential traction has less effect on the normal traction. 
Whereas the low damage tolerance in Mode I of this numerical example translates 
into the behavior that: smaller normal separation will degrade the tangential traction 
significantly as shown in bottom left plot of Figure 3.34.  
Even though the weaker of fracture energy in pure mode dominates the failure of the 
interface, mode interaction parameter β  also affects the mode mix. Using the same 
(mm) 
(mm) 
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numerical parameters and by varying β  from 1 to 100, its effects on normal and 
tangential tractions are shown in Figure 3.35 and Figure 3.36. Similar trend is 
observed that Mode I has more prominent influence on the damage of cohesive zone.  
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Figure 3.33 Normal traction with different pure mode behaviors 
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3.7 Concluding Remarks 
In this chapter, cohesive zone concept is firstly introduced and followed by evaluation 
of conventional CZMs. To cater for the specific applications of CZM for modeling 
macroscopic steel-concrete interfacial behavior, a new tri-linear traction separation 
law is developed. The objectives of the new model are to describe versatile behaviors 
governed by different interfacial failure mechanisms, e.g. shear failure of mechanical 
connector, cohesive or mixed failure of adhesive layer, concrete bearing or splitting 
failure, and even straightening of hook connector when subjected to tension. The 
characteristics of tri-linear model are based on separation, or slip in conventional 
composite numerical model. Depending on the nature of the actual steel-concrete 
behavior, triangular, exponential and tri-linear models discussed in this chapter will 
be employed in following chapters. The latest PPR model based on unified potential 
will be used together with analytical solution to validate proposed tri-linear model. 
A new effective damage based CZM is proposed and illustrated with numerical 
examples. The proposed CZM can adopt different pure mode behaviors into same 
cohesive interface, which is an issue in most other CZMs. The introduction of damage 
interaction parameter β  has made it possible to derive the finite element formulation 
presented in the next chapter. The value of mode interaction parameter β needs to be 
characterized and chosen. Higher β  value relaxes mode mix. It shall be noted that 
under pure mode, the value of β  does not affect the numerical results. 
In addition, two formulations to account for different unloading and reloading 
behaviors are proposed aiming to model either adhesive aided bond performance or 
mechanical shear connector aided steel-concrete interface behavior. The one capable 
of accounting for permanent "separation" is proposed with elastic unloading stiffness. 
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A penalty normal stiffness is incorporated to the CZM in compression to eliminate the 
necessity to define contact between two adherends. Because current model is based on 
damage, it is important to ensure that the elastic range stiffness is higher than that of 
following two linear segments. This is generally true for most of observed traction 
separation behaviors.  
  







Chapter 4 Finite Element Formulation of CZM Based On Effective 
Damage Model  
The CZM employing effective damage has been proposed in Chapter 3, aiming to 
model the steel-concrete interfacial behaviour. The application of this model is not 
limited to the Macro-behaviour for engineering problems. The root of CZM and the 
FE formulation presented in this chapter make it extendable to micro-behaviour in 
general composite material study, such as FRP matrix-fibre interface and brittle to 
ductile behaviour of solids with pre-existing cracks. Since the proposed tri-linear 
traction-separation constitutive law and effective damage model are not yet available 
in existing FE codes, it needs to be implemented within a FE framework for ready 
applications. The constitutive model and effective damage model for mode mix is 
implemented as a user element subroutine to be employed in the modelling of steel-
concrete interface.  
Even though it is possible to define CZM by tabular data relating displacement to 
damage in ABAQUS, the built-in algorithm in commercial FE package can define 
only in one mode. The other modes are dependent on the dominant mode with spatial 
mode mix parameters. In addition, the number of tabular point has strong effects on 
the stiffness calculation as shown in Figure 4.1. If only 3 key traction-separation pairs 
are defined, the element strength will be more than doubled as demonstrated by 
circular marker. Only when over 20 tabular points are defined, and with higher 
density around two peak loads, can the behaviour of cohesive element approaches 
actual traction-separation behaviour (Figure 4.1). This makes the modelling extremely 
tedious and error prone. The proposed CZM with tri-linear model requires the 
definition of only key cohesive strengths and corresponding separations.  
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In this chapter, the FE formulation for a 4-node cohesive element is derived following 
general purpose FE coding convention. The subroutine is then validated with 
analytical solution and well known CZM models proposed by other researchers.  
 
Figure 4.1 Effects of number of damage tabular points in ABAQUS 
 
4.1 Numerical algorithm flow chart 
ABAQUS is a set of commercial FE codes with proven engineering accuracy and 
suitability for academic research. Most importantly, it supports the implementation of 
subroutine as user defined field variables, loads, material, and even element. The user 
element (UEL) developed in this study adopts the tri-linear traction separation law 
and the proposed effective damage model. Interfacial material response is directly 
implemented within UEL without using the readily available material models. The 
properties for the UEL is defined within input file and transferred to UEL. Therefore, 
each UEL's contribution to the whole model needs to be defined directly. In particular, 
current UEL needs to contribute the stiffness matrix to the overall system matrix. In 
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requires updating each element's displacement and rotation based on its earlier 
equilibrium location in the previous step. The flowchart of numerical procedures 
when each UEL is called is shown in Figure 4.2 
 
Figure 4.2 Flowchart for the developed UEL 
The UEL programmed in current study has referenced to several others' research 
works such as (Feih 2005; Park et al. 2012) and are acknowledged herein. The 
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developed UEL and the input file to implement this user element are given in 
APPENDIX A. 
4.2 General finite element formulation of CZM 
The finite element formulation of cohesive element adopting the proposed tri-linear 
model with effective damage is discussed as follow. Due to easy engineering 
interpretation, the separation or relative displacement based traction separation law is 
used in both readily available elements and user defined elements. The linear 2D 










Figure 4.3 Node and coordinate system of 2D 4-node cohesive element 
The global coordinate of the nodal displacement is defined as 
 ( )1 1 2 2 3 3 4 4 Tx y x y x y x yd d d d d d d d≡d  (4.1) 
Here, the subscript i of nid is the global coordinate frame and superscript n is the node 
number. The order of d is therefore a vector with i n×  rows and 1 column. For 
example, for 16-node quadratic cohesive element, d has a dimension of 48 rows by 1 
column. The relative displacement can be constructed as: 
 ∆ = Φu d  (4.2) 
where Φ  is [ ]|−I I of order 2n n×  and I is a unit matrix of order n. Equation (4.2) 
therefore defines the relative displacement of top node to bottom node in the 
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respective global direction with y direction defines the normal separation (opening) 
whereas x direction defines the tangential separation (sliding) along interface. 
Apparently, the constructed matrix Φ  depends on the node number convention. 
However, this is not an issue since the relative displacement is calculated in global 
coordinate system. The nodal relative displacement is then interpolated to obtain the 
relative displacements at integration points according to the corresponding shape 
function, which is generally defined in a [-1, 1] local coordinate system. To formulate 
this, global and local coordinates of an element nodes are introduced as globalx  and 
localx  respectively. The reference plane of the deformed element during nonlinear 
solution procedure is naturally taken as the middle plane defined by the average 
coordinates of two nodes (e.g. 1 and 3 as shown in Figure 4.3) along the interface. 
The reference plane Ri and Rd in Figure 4.3 illustrates the initial reference plane and 
reference plane after the element is deformed. The coordinates of points defining 
reference plane at each step is expressed as: 
 [ ]( ), 1 |2R global global= +x I I x d  (4.3) 
The rotation matrix, or transformation tensor, is defined as common to relate the local 






Θ =  − 
 (4.4) 
where the angle θ  is calculated based on the current coordinates.  
There is no direct interaction between the edges parallel to sweep direction of 
adjacent cohesive elements. Therefore, only 1 stress component in each direction is 
available. In other words, there is no variation of stress across the thickness direction. 
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As a matter of fact, this assumption is applicable to almost all the adhesion analysis 
where the adhesive thickness is relatively small. For example, Smith and Teng's 
model to analyze FRP strengthened RC beam as reviewed in section 2.5 is based on 
such assumption (Smith et al. 2001). The mathematical expression of this assumption 
is: 






where the i denotes the direction parallel to crack direction at interface cΓ  and j 
denotes the direction normal to the crack propagation direction. This characteristic of 
cohesive element enables us to define the local coordinate in only ξ  direction as 
shown in Figure 4.3 while ignoring the thickness direction.  
For each element, the relative displacement can be expressed as follow. 
 ( ) ( ) ( )ξ ξ ξ∆ = Φ =u H d B d  (4.6) 
The three modes shall be defined as mode I, II, and III, where mode I represents the 
opening of cohesive element in direction normal to the reference plane. Mode II and 
III are in transverse directions. In the current study, only mode interaction between 
mode I and II/III are considered. To cater for the modelling of macro-scale steel-
concrete interfacial behaviour, Mode I is the normal separation between steel and 
concrete, whereas Mode II/III is the interfacial slip.  
4.3 Formulation of tangent stiffness matrix for CZM based on effective 
damage 
The effective damage variable is defined again here: 
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 ( ) ( )
1/
1eff n tD D D
ββ β = + ≤   (4.7) 
The tractions at the current step without considering unloading and reloading path are 
given as: 
 ( ) ( ){ }1/0, 1t t t n tT K D D ββ β = ∆ − +   (4.8) 
 ( ) ( ){ }1/0, 1n n n n tT K D D ββ β = ∆ − +   (4.9) 
In equation (4.8) and (4.9), the parameter 0,tK  and 0,nK  are the linear elastic stiffness 
calculated as 0 0/T δ  in their respective mode. The damage parameters in normal and 
tangential modes are calculated according to equation (3.7). The parameter β  defines 
how strong the interaction between normal and tangential modes. 
The tangent stiffness matrix for the current user element based on the counter-
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The partial derivatives of equation (4.8) and (4.9) yield the four matrix components in 
equation (4.10) and they are given as follow: 
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The format of equation (4.11) to (4.14) indicates that if the damage in one mode is not 
initiated, the response in the other mode will not be affected. For example, when there 
is no damage in tangential mode, equation (4.14) reduces to 0, (1 )n nK D− . Because the 
damage variable D in pure mode is only a function of the separation in its own 
direction, the value of 
dD
d∆
 can be derived as: 
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The values of 
dD
d∆
 in the tangential and normal mode should be calculated using the 
parameters in their respective modes. Special attention should be given that if 0∆ = , 
equation (4.15) will generate error. Therefore, a very small number, say 1x10-20 
should be used to avoid such numerical singularity. Since the damage variable D is 0 
when ∆  is small enough, this will not introduce any error to the value in the 
calculation of the tangent stiffness.  
4.4 Local numerical instability related to damage rule 
Different from exponential and polynomial potential law based model, the damage 
based tri-linear law will experience sudden change of the tangent stiffness. Within a 
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cohesive element, if one integration point has failed, there will be a sudden jump of 
stiffness and force contributing to the whole matrix system. This is demonstrated in 
Figure 4.4. The abrupt change, especially related to the last softening part and the 
complete failure whereby the tangent stiffness changes to 0, will cause the solution 
procedure difficult to converge. Even though the modified Riks method can be an 
answer to global instable problem, it is not helpful for the local instability problem as 
described earlier. Basically, there are only two methods to overcome local instability: 
1) use of explicit solution for an implicit static method and 2) employ of the artificial 
damping. Both methods require the introduction of mass with the first method 
requires realistic density input while the latter method employs a unity density. 
Explicit method will require very small steps to produce reliable results. On the other 
hand, when the artificial damping is used, the energy dissipated by the artificial 
damping should always be checked to ensure its proportion to the external work is 
reasonably low. Otherwise, the numerical results are not reliable and tend to 
overestimate the structural response. What’s more, it cannot be used in modified Riks 
method where the global instability is also a concern. Therefore, the element deletion 
scheme is proposed based on the criterion that if one integration point has reached full 
damage, i.e. Deff=1, the whole element should be deleted. This element deletion 
scheme is termed as maximum damage technique (MDT) in the following text. In 
terms of the element’s contribution to the whole structural matrix system, this means 
the element’s tangent stiffness matrix and its contribution to the internal force vector 
should be set to zero or a very small number. Or the element can be marked as 
inactive and not contributing to the whole system matrix. 
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Figure 4.4 Illustration of local instability due to sudden drop of stiffness 
Two simulation results with and without the element deletion MDT for double 
cantilever beam (DCB) test are compared in Figure 4.5. The details of DCB test are 
presented for numerical verification in section 4.7.1 but not necessarily at this point 
yet. Figure 4.5 shows that the artificial damping with a recommended ratio of 2x10-4 
generated a higher numerical results. It is also observed that the solution by artificial 
damping technique had caused more severe oscillation, which is well known for 
trapezoidal law as reported by (Alfano 2006). The solution procedure terminated 
prematurely at 7mm displacement. When the artificial damping factor is increased, 
the solution in the full load history can be obtained. Nevertheless, the dissipated 
energy by artificial damping may be too high and causing the peak load to be 
considerably overestimated. On the other hand, the element deletion with MDT is 
more robust and continued to finish the loading. Even though the load-displacement 
curve in the softening branch is also not as smooth as compared with that by 
exponential and polynomial law due to the inherent traction separation law, the 
proposed scheme is better than existing artificial damping techniques. This technique 
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Figure 4.5 Comparison of artificial damping and MDT element deletion 
  
4.5 Choice of tri-linear shape 
The cohesive zone constitutive model basically rely on two of three parameters 
defining the characteristics of the interface response within the fracture process zone. 
Even though not specified, it was generally believed that the peak strength and 
fracture toughness, or intrinsic potential energy as defined by exponential and 
polynomial laws in section 3.2.3 and 3.2.4, are crucial to the CZM. The shape, which 
is more closely related to separation, can be implicitly determined by the other two 
parameters. Tvergaard and Hutchinson have claimed that the shape of traction 
separation relationship has only secondary effect on the interfacial response 
(Tvergaard et al. 1993). This may be true to certain cases but has since been accepted 
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works reported in (Chandra et al. 2002; Volokh 2004; Alfano 2006; Song et al. 2006) 
have pointed out the contrary in their separate research works that different CZM 
shapes do have important effect on the structural response both numerically and 
physically. Fracture toughness and strength of cohesive layer are not the only 
important parameters to define the cohesive behaviours. For the proposed effective 
damage model, it is important to check the shape effects as engineering 
approximations by tri-linear traction separation shapes can lead to multiple options. 
An example is given in Figure 4.9 for different traction separation laws with same 
maximum traction, maximum separation and fracture toughness. The shape effects 
will be studied in the following numerical validations. 
 
Figure 4.6 Options for choice of equivalent tri-linear model 
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4.6 Validation of the proposed effective damage model 
Nowadays, the implementations and applications of CZM are concentrated in the field 
of composite material research. There is no application of CZM to conventional 
constructional engineering to the best knowledge of this author. In addition, current 
available experimental technologies and therefore limited research interests had made 
the exact experimental verification or by other numerical results impractical. 
Therefore, in this section, the effective damage based tri-linear CZM is verified 
against the well-established examples of double cantilever beam test (DCB) and 
mixed mode bending (MMB) test. In the following two sub-sections, the developed 
model will be implemented by UEL formulated preceding in this chapter and the 
numerical results will be compared with results either by analytical solutions or by 
others’ numerical results. Because the analytical solutions and numerical results 
quoted herein are already compared with the experimental observations, the 
experimental results are not compared.  
 
4.6.1 Validation with double cantilever beam test 
Widely adopted double cantilever beam (DCB) testing was designed for testing of 
pure Mode I fracture toughness. Even though it is difficult to achieve real symmetry 
for pure Mode I fracture toughness identification, its simple geometry and easy 
fabrication have made DCB unanimously acceptable for tensile bonding strength tests. 
The DCB numerical model developed in this text has been studied by (Alfano et al. 
2004; Alfano 2006). The numerical model is constructed with dimensions in Figure 
4.10. Other than the height is changed from 3.0mm to 3.5mm, the other dimensions 
are same as (Alfano et al. 2004; Alfano 2006). The aluminum was modeled as an 
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elastic material with elastic modulus of 70GPa and Poisson’s ratio of 0.3. The CZM 
parameters in this numerical simulation are summarized in Table 4.1. First column of 
material properties are same as those used in (Alfano et al. 2004; Alfano 2006).  
Bond Length = 70mm
Specimen Length = 100mm









Figure 4.7 Model of DCB test 
 
Table 4.1 DCB verification CZM properties  
Parameters Effective Damage Model with Tri-linear Shape 
Parametric Study  
σ0 30 MPa 30 MPa 
σ1 30 MPa 30 MPa 
δ0 0.003 mm 3x10-5, 3x10-4, 3x10-3, 7.5x10-3 
δ1 0.01667 mm 0.00336, 0.00363, 0.00633, 0.01583 
δf 0.01967 mm 0.03, 0.03, 0.03, 0.025 
K0 1x104 MPa/mm 1x106, 1x105, 1x104, 4x103 MPa/mm 
β 50 50 
Γ 0.50 MPa-mm 0.50 MPa-mm 
 
Firstly, the DCB test has a closed-form solution in two segments with linear elastic 
assumptions: 1) the linear elastic beam theory; 2) solution by LEFM when crack starts 
to propagates. The linear elastic beam theory yields the initial part of the P-δ curve 








=  (4.16) 
For the second part, the crack is assumed that with the energy criterion met, i.e. G=Gc, 
the crack starts to propagate. The conventional energy release rate is: 







=  (4.17) 
where P is the applied load, B is the DCB specimen width, a is the crack length, while 






=  (4.18) 




=  (4.19) 
Therefore, by equating G=Gc and substituting equation (4.16) into the equation (4.19) 
aiming to cancel the term of crack length a assuming that the crack propagation is 








δ = =  (4.20) 
The analytical solution is compared with numerical results in Figure 4.11. Since this 
is a relatively simple example without mode interaction involved, the numerical 
results agree reasonably well with the analytical solution. However, it is noted that the 
initial flexural stiffness of numerical simulation is smaller than that of the analytical 
solution. The contributing factor is the compliance introduced by cohesive zone as 
discussed in section 3.3. Such lower interfacial stiffness is not considered in analytical 
solution.   




Figure 4.8 Comparison of numerical results and analytical solution 
In view of this seemingly sensitivity to the stiffness, a parametric study is carried out 
to investigate the effects of different initial stiffness and shapes. The parametric study 
was carried out with 0δ , 1δ  and fδ  changed as shown in the last column of Table 4.1, 
so that different stiffnesses and shapes are incorporated but maximum cohesive 
strength and fracture toughness are kept constant. The effects of initial stiffness on 
numerical results can be demonstrated as follow. The shapes of various tri-linear 
traction separation laws are plotted in Figure 4.12 showing same cohesive strength 
and fracture toughness. Based on the concept of section 3.3, different initial stiffness 
will produce different effective stiffness. The lower effective stiffness will make the 
cantilever beam support semi-rigid, which leads to additional opening related to end 
rotation. Therefore, the prediction of maximum strength by analytical solution tends 
to be higher. A closer examination shown in Figure 4.13 indicates that the initial 
stiffness has influence on the linear elastic part of the results. However, Figure 4.14 
demonstrates that different initial stiffness and shapes do not affect the predicted peak 
load Pmax. All four parameters generate same peak loads close to 78N. After peak load 
P
P
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is reached, the unloading of DCB specimen behaves identically with same initial 
stiffness and shape. Varying the mode interaction parameter β  does not produce any 
effect, since this is a pure mode phenomenon.   
 
Figure 4.9 Various initial stiffness and shapes for parametric study with same 
cohesive strength and fracture toughness 
 
Figure 4.10 Effects on the initial stiffness of DCB test simulation 
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Figure 4.11 effect on the maximum strength and post-peak behavior of DCB test 
simulation 
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4.6.2 Validation with mixed mode bending test 
The ASTM standard testing for mixed Mode I and Mode II inter-laminar fracture 
toughness of unidirectional fiber reinforced polymer matrix composites (ASTM 2006) 
employs a mixed mode bending (MMB) test setup as shown in Figure 4.15. The credit 
of the testing setup design goes to (Reeder et al. 1990). The dimensions shown here 
were defined by the numerical model by (Park et al. 2009). The beam has a section 
with height of 3.12mm and width of 1 inch or 25.4mm. The length of the beam is 
102mm between pin-roller supports as shown in Figure 4.15. A pre-existing crack 
length 0a  of 33.7mm is on the right hand side of the beam. When the rigid lever is 
loaded by P on the left hand side, the tested specimen will be loaded by downward 
point load with magnitude of ( ) /P C L L+  at the span center; and uplifting point load 
of ( / )P c L  at the right hand side support. Two loads are proportional to each other. 
Therefore, a natural resort for such numerical investigation will direct to the Arc 
Length method, which is also known as RIKS method. In this numerical method, the 
proportional load factor is taken as an unknown as displacement field. Therefore, one 
more unknown vector is added to the solution matrix to be solved. As the solution 
searching path direction is based on the perpendicular of the tangent direction (even 
though other modified schemes have been proposed), numerical stability can be 
relatively well controlled compared with common Newton-Raphson solution 
technique especially for globally unstable problems. The post-peak behavior 
corresponding to the cohesive element damage and crack propagation can be captured. 
Two concentrated loads are added at the two locations as shown in Figure 4.15. The 
given load can be arbitrary and need to be multiplied by the proportional load factor 
to obtain the load history. However, the central downward point load is ( ) /c L c+  
times that of the uplifting load right above the right hand side support. In the current 
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setup geometry, this factor is 1.85. The opening is taken as the vertical displacement 
between the right end support and the right load point. 
Material properties are same as that defined in (Park et al. 2009). The beam bulk 
material property is elastic with Young’s modulus of 122GPa and Poisson’s ratio of 
0.25. The interfacial CZM property for the PPR model is n tΓ = Γ = 100N/mm. The 
shape parameters 3α β= =  give an exponential like traction separation response as 
shown in Figure 4.9 (the blue line with markers). In order to verify the proposed 
effective damage model, the tri-linear CZM has the parameters as defined in Table 4.2.  
The key parameters are compared with PPR model so that they have same maximum 
cohesive strength and same fracture toughness. As mode I and II are assumed same, 
only parameters in one mode are tabulated. As shown of red line in Figure 4.9, the 
given parameters aim to approximate the polynomial traction separation law. The 
fracture toughness is 0.5MPa-mm, same as that defined by PPR model. 
 
Figure 4.12 Model for MMB test (Park et al. 2009)  
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Table 4.2 Parameters to define CZM in MMB test 
Parameters Effective Damage Model with Tri-linear Shape 
Corresponding PPR Model 
Parameters 
σ0 100 MPa 100 MPa 
σ1 22 MPa - 
δ0 0.00028 mm 0.00028 mm 
δ1 0.007 mm - 
δf 0.014 mm 0.014 mm 
β Varies from 10 to 100 - 
Γ 0.50 MPa-mm 0.50 MPa-mm 
 
The analytical solution of the MMB test were given by three parts: 1) the linear elastic 
segment; 2) the LEFM solution when the crack length propagated until the central 
span loading point; and 3) the LEFM solution when the crack had propagated over the 
central span loading point. The equation used to calculate the analytical segments are 
same as those presented in (Mi et al. 1998). The linear elastic part is given as: 








=  (4.21) 
Where E is the elastic modulus of adherends, I is the second moment of area for the 
cantilevered arm with h, which is 1.56mm as shown in Figure 4.15. 
The analytical solution of the second part of the cracked MMB testing is based on the 
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The parameters nφ  and tφ  denote two pure mode fracture energy. Finally, the 
analytical LEFM solution for the portion that the crack has extended over the central 
compression loading point, i.e. a>L, is given as follow: 
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 (4.24) 
The deformed MMB specimen showing FE mesh with stress contour is illustrated in 
Figure 4.16 to clearly show pre-crack and the user elements at interface. A cross “x” 
denotes each UEL with zero thickness. The length of the cohesive element is refined 
at 0.1mm. The adherends are modeled with CPS4 elements. Zero-thickness user 
elements require the overlapping of elemental nodes.  
 
 
Figure 4.13 FE mesh of MMB testing specimen (crack propagated) 
Before verification against the other models and analytical solutions, the solutions 
with and without element deletion MDT as introduced in section 4.4 are compared in 
Figure 4.17. Even with the mode interaction parameter β =100, the solution 
procedure without element deletion MDT, is difficult to converge after certain steps. 
Whereas as shown in Figure 4.17, the solution procedure converges relatively well 
and the numerical model can be continually loaded. Even though after a certain large 
deformation, the results may not be to our engineering interests, this is a desirable 
feature to understand the complete behavior. Comparison shows ignorable effect of 
MDT, the numerical verification in this section is carried out accordingly. 
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Figure 4.14 Comparison of numerical results with and without element deletion 
based on MDT 
The applied load P vs. opening δ curves with various mode interaction parameters β 
are plotted in Figure 4.18. The numerical results by effective damage model and tri-
linear traction separation shape are compared with analytical solutions and PPR 
model. It is observed that the mode interaction introduced here has very strong effect 
on the numerical results. The reason is that mode interaction affects the characteristic 
length of process zone and fracture energy significantly after damage is initiated. The 
effects of various β  values on tangential traction are demonstrated in Figure 4.19.  
In Figure 4.18, the mode interaction parameter β =25 gives the closest approximation 
to the analytical solution by LEFM. It shall be acknowledged that the analytical 
solution is based on the linear sum of energy criterion for mode interaction as given in 
equation (3.40). In some of the reported mode mix experiments, the energy failure 
criterion is usually between the linear and quadratic summation of two modes. This 





















With Element Deletion MDT
Without Element Deletion MDT
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Figure 4.15 Comparison of numerical results with analytical results 
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100β =      50β =  
 
30β =      20β =  
 
10β =       2β =  
Figure 4.16 Effect of mode interaction parameter β on tangential traction 
Zoom-in comparisons at two important stages are shown in Figure 4.20 when crack 
starts to propagate and Figure 4.21 when crack propagates over mid-span loading 
point. It is found that smooth polynomial law has advantage around two critical loads. 
A smooth curve is obtained due to smooth change of tangent stiffness. The tri-linear 
model will require smaller solution steps at these critical loads that structural behavior 
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Figure 4.17 Close comparison when crack starts to propagate  
 
Figure 4.18 Close comparison when crack extents over central span loading 
point 
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Because of the initial linear elastic segment of traction-separation law and definition 
of effective damage model, varying 0δ  of pure mode while maintaining same strength, 
separation capacity, and energy will lead to different mode mix behavior. Unlike the 
pure mode DCB example, where traction-separation law shape has marginal effects, 
shape has significant effect for mode-mix problems. The main reason the contribution 
of elastic energy associated with 0σ  and 0δ  and mode interaction afterward. The 
effect of shapes on traction with mode mix is demonstrated in Figure 4.22.  When 
shape option 2 of Figure 4.9 is adopted, 2β =  approaches the solution using shape 
option 1 with 25β = . 
 
β=25, Shape Option 1 in Figure 4.9  β=25, Shape Option 2 in Figure 4.9 
 
β=5, Shape Option 2 in Figure 4.9  β=2, Shape Option 2 in Figure 4.9 
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4.7 Concluding Remarks 
In this chapter, FE formulation is derived for the proposed effective damage model 
based on the tri-linear shape CZM. Due to unavailability of such model, a user 
element is developed using FORTRAN within the general FE framework of 
ABAQUS. Because of the tangent stiffness discontinuity, techniques have been 
proposed to address the numerical instabilities associated with the damage driven FE 
formulation. Current version of user element can be readily used and is 
straightforward to model a broad range of cohesive zone behaviors.  
In order to ensure the accuracy and efficiency of the developed model and element, 
numerical verifications have been carried out against widely accepted DCB and MMB 
testing. The results compared with both closed-form analytical solution and others’ 
numerical results prove that the proposed model is acceptable for applications. It is 
also shown that the mode mix effect can be easily calibrated with the experimental 
results by adopting proper β . 
Through parametric study, the initial stiffness of CZM poses certain effect on 
numerical results. Nevertheless, no effect is observed on the maximum strength and 
the structural response after the crack starts to propagate. The traction separation 
shape does not affect the structural behavior under pure mode as Tvergaard's 
assumption. However, defined by effective damage, the fracture toughness of mixed 
mode will be influenced by pure mode traction-separation shapes. It is therefore 
important to define the elastic stage by 1st peak load and corresponding separation 
rather than varying the separation arbitrarily.  
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Chapter 5 Experimental Investigation of Epoxy Aided Bond 
Strength between Steel and Concrete  
5.1 Introduction of epoxy aided bond 
Structural adhesives have been used as early as 1970s for composite bridges. Broadly 
speaking, cement is a type of structural adhesive holding coarse aggregates and fine 
aggregates to achieve structural strength. Good bonding strength between steel and 
concrete is essential for reliable composite performance. Casting fresh concrete on top 
of steel surface can only achieve minimum bond strength, which may also be 
worsened by many factors. Apart from conventional mechanical shear connectors, an 
adhesive material with good mechanical strength and chemical resistance is required 
to improve the bonding strength between steel and concrete. Epoxy is the workhorse 
of engineering adhesives widely used in particular to join dissimilar materials. They 
have excellent chemical and corrosion resistance, high mechanical strength, good 
adhesion to a variety of materials and well developed cross-linking techniques. The 
widely engineered epoxy materials have been applied to both newly built structures 
and structural retrofitting as discussed in section 1.1.1. 
Epoxy generally involves two parts: resin and hardener. Resin is formed from reacting 
epichlorhydrin with bisphenol A to form diglycidyl ethers of bisphenol A as shown in 
Figure 5.1. In general, resin is uncured epoxy with a mix of single long chains 
possessing only poor mechanical, chemical and heat resistance properties (Pascault et 
al. 2010). This is analogous to the unbound long structural cables. However, when 
resin and hardener were mixed together, long chain polymer (resin) will be cross-
linked by the crosslinker (hardener) to form three dimensional cross-linked structure 
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with high molecular weight and desired mechanical and chemical properties. Curing 
may be achieved by forming a copolymer with hardeners (Figure 5.2) or by reaction 
an epoxy with itself (homopolymerisation) by “hydroxyl curing process”. Figure 5.2 
gives an example of the reaction mechanism between a diamine (hardener) and resin. 
Such reaction forms a 3D spatial structure, whereby most single chains of resin are 
connected to provide good bond strength. Surface treatment including degreasing and 
grit blasting are provided to ensure proper wetting of the steel surface. 
 
Figure 5.1 Typical resin material 
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As shown in Figure 5.3, the cured epoxy will fill the cavity and bond adherend 
surface (Arnold 1981). The properties of cured epoxy and surface properties of 
adherends are therefore important to the interfacial bond strength. Unlike some 
research focusing on the bulk material properties such as elastic modulus, Poisson 
ratio, and bulk tensile strength of epoxy, current study focuses on the load-slip 
response at steel-concrete interface aided with epoxy. The experimental results enable 
the employment of cohesive element to study the damage at interface.  
 
Figure 5.3 Schematic topography of solid surfaces (Arnold 1981) 
 
5.2 Experimental investigation of bond between steel and fresh concrete 
The aim of this section is to explore the possibility to employ structural adhesive to 
bond steel face plate and concrete core directly to achieve continuous steel-concrete 
interfacial connection. There have been a number of studies on the shear bond 
strength between steel and concrete (Kim et al. 1992; Li et al. 2000; Barnes et al. 
2001). The applications of existing research are to use steel plate or fibre reinforced 
plastic to repair or strengthen concrete structures (Taljsten 1997; Bizindavyi et al. 
1999). Therefore, they are limited to bond strength between steel plate and fully cured 
concrete with the aid of structural adhesives. The general principle is to assure that the 
bonded joint is stronger than the weaker substrate, which is concrete in steel-concrete 
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composite system. Since SCS sandwich structures are newly built and certain degree 
of cast in-situ is inevitable, it would be necessary to investigate the bond strength 
between steel and cast in-situ fresh concrete, where very little, if not none at all, 
information is available. Unlike precast concrete substrate, the water and chemical 
content in fresh concrete will degrade the bond performance. In this section, we focus 
on the bond strength between steel and concrete with the aid of epoxy, which is 
applied when concrete is still fresh. 
5.2.1 Test setup of push-out tests 
For the face plates of the sandwich specimen, S235 steel plates with a dimension of 
300mm x 200mm x 8mm were used as shown in Figure 5.4. Steel plates with two 
kinds of surface roughness were studied in this study: smooth steel plates and 
sandblasted steel plates. 
 
Figure 5.4 Push-out test specimens of bonded steel-concrete composite 
All specimens were tested using the push out test setup as shown in Figure 5.5. Two 
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the concrete core from the steel plate. A load cell with a capacity of 300kN was used 
to apply compression on the concrete core with a lading rate of 0.1mm/min. The 
clamps in Figure 5.5 were loosely tightened. They were employed for safety concern 













Figure 5.5 Push out test arrangement 
5.2.2 Test specimens of bond between steel and fresh concrete 
The specimens for the current investigation are same as the testing programme on 
bond between steel and cured concrete as illustrated in Figure 5.4. Steel plates with 
two kinds of surface roughness were studied in this study: smooth steel plates and 
sandblasted steel plates. As the cleanliness of the steel plate’s surface played a very 
important role in the bonding performance, acetone was applied to clean the surface 
of the grinded smooth steel plates from grease, oil, rust and other contaminants. 
Sandblasted steel plates were prepared according to a SA 2 ½ grade.  
Three types of concrete were used: lightweight aggregate concrete (LWAC), normal 
weight aggregate concrete (NC), and high strength concrete (HSC). The LWAC was 
composed of water, Portland cement, silica fume, light weight fine aggregate, light 
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weight coarse aggregate and super-plasticizer. The cylindrical compressive strength of 
LWAC was 32.64MPa and the elastic modulus was 14GPa. The volume ratio of water 
in 1m3 of concrete was 0.165. For NC, Portland cement, sand, coarse aggregate 
(<10mm), and water were used. The average cylindrical compressive strength of NC 
was 52.64MPa, while the elastic modulus 21GPa and the volume ratio of water per 1 
m3 of concrete was 0.213. For high strength concrete, Ducorit D4 blended cement mix 
was used. The average compressive strength achieved was 131.6N/mm2 and the 
elastic modulus was 67.5GPa. The volume ratio of water in 1 m3 of concrete was 
0.200. The term volume ratio of water in 1m3 of concrete was chosen instead of 
conventional water/cement ratio as it is not possible to quantify the volume of cement 
in the high strength concrete, which is a commercially available pre-blended mix. No 
water cement ratio for high strength concrete can be acquired. Hence, to be consistent 
throughout this study, the term volume ratio of water in 1m3 of concrete was adopted. 
Parameters of tested 12 specimens are summarized in Table 5.1. For each parameter 
investigated, the specimens were prepared in the same batch to ensure similar curing 
conditions for both concrete and epoxy. Specimens failed prematurely are not listed 
here. 
Wood moulds were fabricated to hold steel face plates and served as spacer to ensure 
the sandwich core thickness. Epoxy was applied to the surface of steel plates with a 
brush upon mixing. The thickness of epoxy was made as uniform as possible. Clamps 
were used to secure the placement of the two steel plates to the mould before the 
casting of the concrete. After the concrete was prepared, fresh concrete was poured 
into the mould followed by proper vibration. The specimens were cured for 28 days 
before tests for unpressurized specimens. While for specimens induced with pressure, 
a square steel block (200x80x80mm) was placed on the fresh concrete core 
Chapter 5 Experimental Investigation of Epoxy Aided Bond Strength between Steel and Concrete 
 
159 
immediately upon casting (Figure 5.6). Constant loads of 2kN (0.125MPa) and 10kN 
(0.625MPa) were applied on the steel block to the fresh concrete core for 7 days when 
the epoxy was cured according to manufacturer’s specifications. After 7 days, the 











Steel Mould  
Figure 5.6 Set-up of pressurized curing of specimens 
 
Table 5.1 Summary of bond strength of steel to fresh concrete 



















HSC-2 N.A. 0.200 - 






20 0.213 - 
NC-2-S 20 0.213 - 
NC-3-SB 20 0.213 SA 2 ½ - 
NC-4-NP 20 0.213 
Smooth 
- 
NC-5-WP 20 0.213 0.125 
NC-6-WP 20 0.213 0.625 




10 0.165 - 
LWAC-3-
HSP 5 0.215 - 
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5.2.3 Test results and discussion 
5.2.3.1 Type of Concrete and Water to concrete volume ratio 
The type of concrete and water to concrete volume ratio parameters were co-related in 
this study. Specimen LWAC-1 had light weight aggregate concrete with a 0.165 water 
to concrete volume ratio. Specimen NC-1 was a normal weight aggregate concrete 
with a 0.213 water to concrete volume ratio. Specimen HSC-1 was high strength 
concrete with a 0.2 water to concrete volume ratio.  
From Figure 5.7 and Table 5.2, it is clear that the specimen with high strength 
concrete can achieve 149.32kN, the best bond performance, when compared to 
normal weight aggregate concrete’s 49.15kN and lightweight aggregate concrete’s 
49.31kN. For high strength concrete specimens, the failure was at the interface 
between the steel plate and the adhesive. This indicated that the shear strength of the 
concrete was higher than the shear bond strength. For light weight aggregate concrete 
specimens, the shear strength of the concrete was lower than the shear bond strength, 
hence leading to the shear failure of concrete core. For normal weight aggregate 
concrete, the specimens failed at interface between the adhesive and concrete 
substrate implying how higher water ratio has degraded the bond performance as 
compared with LWAC-1 specimen since no shear failure at concrete core is observed 
for NC-1. Indeed, the water to concrete volume ratio was a critical factor as the free 
water from the fresh concrete affects the epoxy bond performance.  Lower water to 
concrete volume ratio leads to better bonding performance. For conventional epoxy 
application, water and grease are considered enemy of bond performance and should 
be avoided completely. One point to note about specimen HSC-1 is that, as the 
product is pre-dry mixed without details on the chemical contents, the free water may 
be less than the other two specimens using normal weight concrete and light weight 
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concrete. It is therefore viable to compare only specimen LWAC-1 and NC-1 in terms 
of water concrete volume ratio. However, the inclusion of specimen HSC-1 provided 
a direct comparison for shear bond strength between steel and different type of fresh 
concretes. 
 
Figure 5.7 Load slip curve for different types of concrete and different water to 
concrete volume ratio 
Table 5.2 Failure loads of various type of concrete 













LWAC - 1 LWAC 0.165 0.19 49.31 0.62 
NC - 1 NC 0.213 0.29 49.15 0.61 
HSC - 1 HSC 0.200 0.27 149.32 1.87 
 
5.2.3.2 Effect of surface roughness 
Sandblasted steel plates with a grade of SA 2 ½ were used to investigate if the 
increase in surface roughness will lead to a better bond performance in comparison 
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failure load is increased by about 10% for specimen using sandblasted steel plates 
comparing with specimen using smooth steel plates. In addition, specimen using 
sandblasted steel plates showed a better ductility.  
 
Figure 5.8 Load slip curve for different steel surface roughness 
Specimen NC-2-S that adopted smooth steel plates had a failure load of 49.15kN and 
a relative slip displacement of 0.29mm, while specimen NC-3-SB that was with 
sandblasted steel plates had a failure load of 60.96kN and relative slip displacement of 
1.28mm. 
Table 5.3 Failure loads with different surface roughness of steel plate 










NC-2-S NC (w/o SP) Smooth 0.29 49.15 0.61 
NC-3-SB NC (w/o SP) Sandblasted SA 2 1/2 1.28 60.96 0.76 
 
It was also observed that different steel surface roughness leads to different failure 















Relative Slip between Steel and Concrete (mm)
NC-2-S
NC-3-SB
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shown in Figure 5.10(c), (d) and Figure 5.11(a): shear core failure and interfacial 
failure between adhesive and concrete substrate. While smooth steel plates were used, 
interfacial failure, as shown in Figure 5.10 (a), (b) and Figure 5.11(b), between 
adhesive and steel face plate were observed. This observation is by no means 
surprising since common perception tells us when the surface is smooth the friction is 
much lower, even though the bond performance is related to the surface area and 
micro-topography of surface as discussed at the beginning of this chapter. 
Comparison of SEM images on ground surface and grit-blasted surface is shown in 
Figure 5.9. Based on current experimental results, it is advised to sandblast the steel 




Figure 5.9 SEM comparison of ground (top) and grit-blasted (bottom) surfaces 
(Franklin et al. 2003) 
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Figure 5.10 Comparison of failure interfaces of specimens using smooth steel 
plates and sandblasted steel plates 
 
 
(a) Shear core failure (left) and 
interfacial failure (right), NC-3-SB 
 
(b) Interfacial failure at both steel 
plates, NC-2-S 
Figure 5.11. Different failure modes of push out specimens using (a) sandblasted 
steel plate and (b) smooth steel plate 
 
(a) Failure was at the adhesive and concrete 
core surface (NC-2-S) 
 
(b) Smooth steel plate covered by a little 
concrete substrate and epoxy (NC-2-S) 
 
(c) Failure was at the adhesive and concrete 
core surface (NC-3-SB) 
 
(d) Sandblasted steel plate fully covered by 
concrete substrate (NC-3-SB) 
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5.2.3.3 Effects of superplasticizer 
Superplasticizer (SP) also plays an important role for the bond performance between 
steel and fresh concrete. The type of SP used for lightweight aggregate concrete was 
ADVA 100, which has a chemical content of carboxylated polyether. For normal 
weight aggregate concrete, Daracem 100 SP was used. The chemical contents for 
Daracem 100 include aqueous solution of sodium/potassium naphthalene sulfonates, 
lignin and hydrocarboxylic acid salts. In this study, SP effects were tested only for 
lightweight aggregate using ADVA100. Two specimens with original volume of SP 
and only half the volume of SP were prepared. For the concrete mix with reduced SP, 
more water was added to ensure good workability. Slump tests were conducted to 
determine the workability of concrete according to ASTM C143. Both mixes 
produced constant and good workability. The push out tests results are plotted in 
Figure 5.12 and summarized in Table 5.4. 
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Table 5.4 Failure loads with different SP volume 









LWAC-2-FSP LWAC (Full SP) 0.165 0.33 54.77 0.69 
LWAC-3-HSP LWAC (Half SP) 0.215 0.24 73.31 0.9 
 
For light weight aggregate concrete, Figure 5.12 shows that when SP is reduced by 
half (specimen LWAC-3-HSP), a better bond performance, compared with the results 
of specimen LWAC-2-FSP, was achieved. It can be inferred that the chemical content 
in the SP affects the polymerization procedure during the curing of epoxy. The SP 
content in the fresh concrete can deter the curing epoxy leading to the degradation of 
the bond performance. Even though less SP leads to higher water cement ratio, the 
bond performance is still better than the one with more SP but lower water cement 
ratio.  
The function of superplasticizer is to neutralize the surface charge of cement particles 
hence dispersing them. This will release the water tied up in the cement particle 
agglomeration therefore reducing the viscosity to achieve the effect of "water 
reduction", lower permeability and possibility of higher strength. However, epoxy 
resin may react with itself in the presence of catalyst (anionic or cationic catalyst) as 
shown in Figure 5.13 to form a cured network. This process is known as catalytic 
homopolymerisation. However, the resulting spatial structure contains only ether type 
bridges, which is known for high thermal and chemical resistance, but is very brittle 
mechanical properties. This may provide an explanation of lower bond strength due to 
use of superplasticizer.  




Figure 5.13 Homopolymerization due to existence of catalyst of caboxyl base or 
tertiary amine (superplastisizer) 
The observation indicated that superplasticizer, at least for carboxylate type high 
range superplasticizer, should be used as little as possible if epoxy is the agent to bond 
fresh concrete to steel. 
5.2.3.4 Effect of initial pressure during curing 
It is also a common practice to apply pressure during the curing of adhesive. When 
pressures (0.125MPa and 0.625MPa) were induced to fresh concrete immediately 
upon casting with the set-up as shown in Figure 5.6, it was found that the bond 
performance between the epoxy, steel plate and fresh concrete was improved. The 
increase was by about 5% when 0.625MPa was applied during curing. In addition, the 
ductility improved. For specimen NC-4-NP, which was cured without any pressure, 
the failure load was 60.96 kN with a 0.87mm relative slip. From Figure 5.14 and 
Table 5.5, it could be seen that specimen NC-5-WP reached a failure load of 61.76kN 
with a 0.82mm relative slip when 0.125MPa of pressure was induced. NC-6-WP 
which was induced with 0.625 MPa, failed at 69.34kN with a 1.22mm relative slip. 
From some further experiments conducted, it was found that when the pressure was 
further increased, the shear bond strength did not improve. In practice though, it is 
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Pressure grout is one possible way to induce pressure during the curing stage. 
However, the pressure is difficult to quantify. Based on the test results that the 
improvement is not significant, it is advisable to apply certain amount pressure but 
may not be necessary especially when economic factor is taken into account. 
 
Figure 5.14 Load slip curve for specimens with different initial pressure during 
curing 
Table 5.5 Failure loads with different pressure during curing 









NC-4-NP NC (w/o SP) 0/0 0.87 60.96 0.76 
NC-5-WP NC (w/o SP) 
2kN/ 
0.125MPa 0.82 61.76 0.77 
NC-6-WP NC (w/o SP) 
10kN/ 








0 0.2 0.4 0.6 0.8 1 1.2









Chapter 5 Experimental Investigation of Epoxy Aided Bond Strength between Steel and Concrete 
 
169 
5.3 Experimental investigation of fiber reinforcement effects 
In the previous experimental investigation, it was found that the failure is quite brittle. 
As the load reached the maximum bond strength, the interfacial crack propagated 
suddenly and fully. Due to difficulty to control and monitoring of loading history, 
even though the load-slip curves appear to be triangular shape, some loads after the 
maximum strength reached are only captured at very low level with slips approaching 
to the maximum. In view of relatively low ductility associated with the preceding 
testing results reported, a method to improve the ductility of steel-concrete is 
conceived and investigated. 
It is a common practice to add the fiber to concrete mix in order to improve the 
fracture toughness or ductility of concrete under shear and tensile loads. Therefore, 2 
types of fibers are added to epoxy and applied to steel face plates aiming to bridge the 
crack, deter its propagation and hence improve the ductility at epoxy aided steel-
concrete interface. 
5.3.1 Comparison of fiber steel fiber and PVA fiber 
When mixed with concrete, despite its high cost, steel fiber has proved to be very 
effective to enhance the fracture toughness hence improve the damage tolerance of 
concrete material under tension. Nevertheless, when the intention is to improve the 
interfacial bond performance, the limited bond line thickness at bi-material interface 
requires more flexible fiber, such as PVA fiber. Therefore, two types of fibers, 
namely steel fiber and PVA fiber, are used in the current study as shown in Figure 
5.15. Because the preliminary test results are not satisfactory even though two types 
of applications, i.e. straight and bent to achieve a π shape, have been tried, steel fibers 
are not employed in further study in this study. Figure 5.16 shows the comparison of 
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failed interface. It was observed that despite random orientation of steel fiber and 
similar fiber length, most de-bonding surface is smooth. On the other hand, flexible 
PVA fiber bridged the concrete and steel interface well as shown in Figure 5.17. The 
oval dash line highlights a crack bridged by the fiber. The fiber was pulled out from 
the concrete side under shear load during push-out test. In addition to the fiber 
bridged crack, Figure 5.17 clearly shows that the failure is a mix of several modes. 
There was debonding between steel and epoxy since the SA2 ½ steel plate is shown 
clearly. As a matter of fact, the debonding between steel and epoxy was only observed 
at locations where a bunch of fiber provides higher fracture toughness. This can be 
attributed to the higher bond performance between steel and epoxy. The existence of 
fiber bridging at epoxy-concrete interface increases the fracture toughness locally and 
may have exceeded the fracture toughness at epoxy-steel interface, especially when a 
bunch of fiber lumps together. Therefore, the kinking criterion based on fracture 
toughness dictates that the crack is possible to kink into epoxy-steel interface. There 
was also debonding between concrete and epoxy and concrete chip-off. The failure 
surface at concrete side is shown in Figure 5.18. Figure 5.17 and Figure 5.18 also 
show quite non-uniform and uncontrollable finite thickness of epoxy related to the 
application of epoxy to bond steel and fresh concrete. Other than the micro 
observation at interface post failure, Figure 5.19 shows the fiber bridging effect 
during crack propagation. Because the steel plate tends to separate off due to un-
symmetry, the direction of fiber is changing from more dominated by shear to a 
mixed mode of shear and tension. This is only observed at the edge, whether such 
tendency is true for inside cannot be confirmed from current testing.  




Figure 5.15 Steel fiber (left) and PVA fiber (right) used in current study 
 
Figure 5.16 Comparison of steel fiber and PVA fiber failure interface 
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Figure 5.18 Failure surface at concrete side showing mix mode and fiber 
bridging 
 
Figure 5.19 Fiber bridging effect during crack propagation 
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5.3.2 Comparison of fiber volume fraction and curing timing 
Two major factors influenced the bond strength: fiber volume fraction and curing 
timing. The former determined how much fiber will help to bridge the crack upon 
damage initiation. Three volume fractions have been tested: 3%, 5% and 7%. The 
latter factor determined the degree of polymerization. Even it is a general practice to 
load the structure after 28days. Push-out test specimens after 7-day, 14-day, and 28-
day are studied experimentally. Typical test results are shown in Figure 5.20 to Figure 
5.22. 
Some experimental results show two peaks with almost same peak load magnitude, 
such as result of specimen with 7% PVA fiber and cured for 7 days in Figure 5.22. 
This may be due to unevenness of two steel plates. Excluding the outlier data, a trend 
as shown in Figure 5.23 was observed that higher percentage of fiber reinforcement 
helped to increase the bond strength. Longer curing time also improved the bond 
strength.  
 
Figure 5.20 Typical load-slip curve of 3% PVA reinforced epoxy bond interface 
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Figure 5.21 Typical load-slip curve of 5% PVA reinforced epoxy bond interface 
 
Figure 5.22 Typical load-slip curve of 7% PVA reinforced epoxy bond interface 




Figure 5.23 Comparison of steel-concrete interfacial strength with fiber 
percentage and curing time 
 
5.4 Summary of failure modes at bonded steel-concrete interface 
Many failure modes have been observed in the experimental investigation reported in 
this chapter. These failure modes are illustrated and termed in Figure 5.24. The 
adhesive layer between top steel plate and bottom concrete substrate is not drawn to 
proportion for clear presentation. 
It is noted that the mode (a) adhesive failure at steel interface and mode (b) adhesive 
failure at concrete interface mark very low shear strength. Mode (a) was observed 
when the steel plate was smooth and not properly treated. Mode (b) was observed 
when steel fiber was used in the steel-concrete interface and when the pre-cured 
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indicating no proper bond / interlocking was provided by epoxy. Due to the nature of 
the current experimental investigation, the adhesive layer thickness is uncontrollable 
especially when bonded to fresh concrete. Most pronounced failure mode is the 
mixture of several modes as shown in (f) of Figure 5.24. However, this is common for 
most of the research involving concrete, epoxy bonding to concrete, let alone 
uncertain distribution of fiber and water are introduced in current experimental 
investigation. 
 
Figure 5.24 Failure modes observed at the bonded steel-concrete interface 
 
In earlier reviewed research, some have assumed perfect bonding at the steel and 
concrete interface. The push-out test assuming perfect bonding is also studied 
numerically to demonstrate the stress concentration location. As most of others' report, 
concrete constitutive model makes the convergence difficult. The implicit numerical 
procedure using modified Riks method and explicit numerical procedure have 
different load displacement curve post peak load as shown in Figure 5.25. It is shown 




(d) Mixed Failure Mode
of  Cohesive + Adhesive 
(f) Mixed Failure Mode




(c) Cohesive Failure (e) Concrete 
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Steel Steel Steel 
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sudden drop of load followed by premature termination of numerical procedure, the 
explicit solver predicted load path tends to be more ductile, which contradicts to the 
implicit solver results and common observation of concrete failure behavior.  
 
Figure 5.25 Comparison of load-displacement curve of perfect bond interface 
using implicit and explicit solver 
The shear stress as S12 along the interface is compared at various load levels: 52kN, 
134kN, 145kN and 174kN. High stress concentration is observed at the two ends. 
Initially, the top edge has higher stress. When further loaded, the stress is higher at the 
bottom edge of bond line. This tallies with the experimental observation that the crack 
initiates at top and bottom of steel-concrete interface. The observable crack initiation 
and propagation from experimental investigation are sometimes from top and 
sometimes from bottom. This is attributed to the non-uniformity of bond strength at 
interface. 
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Figure 5.26 Shear stress along steel-concrete interface 
 
5.5 Characterization of steel-concrete interface with CZM 
It is well known that the testing results of adhesively bonded joints are widely 
scattered with high variance. This is even worse as heterogeneous cementitious 
material is one of the adherends. In the characterization of steel-concrete interface in 
this section, it is all assumed that the peak load is shared uniformly at the interface 
due to relative low stiffness at interface compared with steel and concrete. The load-
slip curves with two major peaks indicating un-symmetry and load redistribution are 
not considered. Therefore symmetry assumption is used throughout this study. 
The load-slip curves of steel-fresh concrete without using polymer fiber show that the 
failure at interface was quite sudden and brittle. Maximum slip is within 1mm. This 
observation coincided with many others' testing results for bond performance between 
steel and fully cured concrete. A triangular traction separation law can be employed to 
P/2 
C L 
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model the interfacial behavior.  Only 3 parameters 0σ , 0δ  and fδ  will define 
triangular traction separation law, which has been widely adopted by others' research. 
In comparison, the traction separation law for more ductile PVA fiber reinforced 
epoxy bond is potentially important.  The behavior has not been studied and reported 
before. FEA is carried out to simulate the push-out test. The characterization of 
representative experimental results is reported as follow.  
5.5.1 Numerical model of push-out test and mesh density study 
In the research on LEFM using FEM, the numerical results are sensitive to the mesh 
density due to singularity at crack tip. On the other hand, CZM is less sensitive to the 
mesh density. In order to characterize the steel-concrete interfacial behavior, the 
experimental push-out tests are modeled numerically. Assuming symmetry, only half 
of the push-out test specimen was modeled. The steel plate was supported and 
constrained vertically. A displacement controlled loading procedure is applied at the 
concrete core bottom. A mesh density study is carried out with four dominant element 
size, or cohesive element lengths: 10mm, 5mm, 2mm and 0.5mm. The meshes are 
shown in Figure 5.27. The material properties for steel and concrete will vary in the 
detailed characterization in following sections. For the current case, they are not 
deterministic as the cohesive element is a more critical section. The properties of 
cohesive layer is same as one of the characterizations of toughened epoxy interface. 
As a phenomenon driven method, the employment of cohesive element aims to 
incorporate the failure within the interfacial layer even though most observed failure 
is the mix of several modes. However, this approximation makes it possible 
employing CZM to study the steel-concrete interface and its effect on structural 
behavior at macro level. The comparison of load vs. slip curves with different mesh 
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densities are compared in Figure 5.28. The results demonstrate that CZM is much 
insensitive to the mesh density. This is also partially due to the nature of the test. 
Shear failure dominates at the interface. As a result, the characterization in the 
following sections will use the medium fine mesh with 2mm cohesive element length 
since the computation cost is not high. 
      
CZM element length: 10mm  5mm  2mm  0.5mm 
Figure 5.27 Various mesh density of push-out test model 
 
 
Figure 5.28 Comparison of numerical results for push-out testing with different 
mesh densities 
P/2 P/2 P/2 P/2 
C L C L C L C L 
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5.5.2 Characterization of steel-fresh concrete interface with fiber reinforced 
epoxy 
The shear strength of specimens cured for 7-days is quite low. Only results for 14 
days and 28 days are characterized in this section. The obtained load slip curve has a 
linear part followed by concave unloading curve. Therefore, exponential law can be 
suitable to model such behavior with improved ductility. The loads are averaged to 
obtain traction at each bond surface. Using the measured slip, a traction-separation 
can be obtained. The maximum traction and corresponding separation can be easily 
identified. The maximum separation uses the available measurement. For example, 
for 5% PVA reinforced specimen (28-day curing), the measured maximum slip is 
3.998mm with traction equals to 0.05MPa. The characterization still employs 
3.998mm as maximum separation but changes traction to 0MPa. By varying α , the 
same fracture toughness IIG  is obtained. The comparison of traction-separation 
curves based on exponential law and testing results are shown in Figure 5.29. The 
data used to define exponential law is summarized in Table 5.6.  
Because of the incomplete measurements for 5% PVA specimens, IIG  does not show 
a consistent trend. However, it can be inferred that the results of 5% PVA specimens 
should locate in-between that of 3% and 7%. On the other hand, the maximum 
traction results show a consistent trend of higher strength with increased fiber volume 
ratio. This is true for both 14-day curing and 28-day curing. The parameters in Table 
5.6 can be used in numerical analysis. The choice of α  is quite dependent on 
experimental results.     
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Curing Time: 28 Days
Epoxy with 3% PVA by Testing
















Curing Time: 14 Days
Epoxy with 5% PVA by Testing
















Curing Time: 28 Days
Epoxy with 5% PVA by Testing
















Curing Time: 14 Days
Epoxy with 7% PVA by Testing
















Curing Time: 28 Days
Epoxy with 7% PVA by Testing
Epoxy with 7% PVA by Exponential Law
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Table 5.6 Characterization parameters for PVA reinforced epoxy bond 
performance 







3%PVA Epoxy  
14-Day Curing 0.557 0.395 10.456 7.057 0.908 
3%PVA Epoxy  
28-Day Curing 0.818 0.250 5.850 4.657 1.046 
5%PVA Epoxy  
14-Day Curing 0.564 0.313 5.026 3.251 0.800 
5%PVA Epoxy  
28-Day Curing 0.889 0.276 3.998 5.326 0.731 
7%PVA Epoxy  
14-Day Curing 0.702 0.238 7.572 4.475 1.180 
7%PVA Epoxy  
28-Day Curing 0.949 0.380 7.966 5.785 1.411 
 
 
5.6 Concluding remarks 
It is a general practice to ensure dry and clean adherend surface before application of 
epoxy to achieve optimum bond performance. The information of bond performance 
between steel and fresh concrete is scarce. A series of push-out tests have been carried 
out to investigate bond performance between steel and fresh concrete. Several key 
factors affecting the bond performance have been identified. Lower water-cement 
ratio and higher concrete strength will lead to better bond strength. However, it was 
discovered that addition of superplasticizer, which aims to reduce water in concrete 
mix, will degrade the bond strength. Addition of carboxylate chemical will change the 
epoxy polymerization to homopolymerization, yielding ether type of polymer, which 
is known for inferior mechanical properties. 
Steel and PVA fibers were used to enhance the bond performance. PVA fiber was 
found much more effective. Contributing little to the ultimate bond strength, mixing 
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PVA fiber in the epoxy matrix can improve the ductility significantly. Different fiber 
ratio and curing time were found affecting the bond performance.  
The epoxy assisted interfacial behavior has been characterized by CZM. It can be 
summarized that when fiber was not used, triangular CZM with quite brittle behavior 
can model the interface. The typical range is below 1MPa strength with maximum 
separation up to 1mm. When PVA fiber is added, the bond strength remains at same 
level but maximum separation increases up to 8mm. It is found that CZM with 
exponential law is suitable to model bonded interface with PVA reinforcement. 
Typical experimental results are characterized and will be used for numerical study in 
the following chapter.             
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Chapter 6 Numerical modeling of steel concrete interface behavior 
in composite structures 
In previous chapters, the characteristics of steel concrete composite structures, 
challenges of modeling the composite structures have been discussed. The interfacial 
behavior between steel and concrete has been investigated experimentally and 
characterized. The necessary numerical tool has also been developed to tackle the 
aforementioned challenges. Small scale push-out tests have been verified by 
numerical study. In this chapter, the insight perspectives and investigation outcomes 
of earlier chapters are implemented numerically to model larger scale structural 
members. The objective of this chapter is to propose an alternative and novel 
numerical treatment to accomplish the otherwise difficult task. Capability of the novel 
numerical method to model the load re-distribution and structural response after 
reaching peak load is focused. The versatility is demonstrated by modeling various 
types of composite connections. The numerical technique to improve efficiency, e.g. 
the minimization of contact by limiting the damage at interface, is also proposed.  
The major philosophy behind the proposed novel numerical model is to introduce a 
relative soft and weak layer between steel and concrete with the following objectives: 
a) the interfacial layer will govern the composite action of composite structure; 
b) damage is approximately contained at interfacial layer; 
c) to improve the efficiency of numerical modeling and solution procedure;  
d) contact can be modeled at the interfacial element; 
e) versatile load-slip curve of push-out tests can be easily adopted. 
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6.1 Application of CZM to epoxy bonded steel and concrete interface 
Being relatively rare but in a rising trend, research on bonded steel-concrete 
composite structures have been carried out by a number of researchers. Most of the 
analysis techniques were treating the epoxy as a finite thickness layer with elastic 
bulk material properties. Many testing results only report the Most recently, Souici et. 
al. have conducted 4-point bending test of bonded concrete slab with steel beam 
(Souici et al. 2013). The full composite and partial composite beams are studied 
numerically to demonstrate the proposed numerical model.  
6.1.1 Testing scheme and results 
The specimens have configuration as shown in Figure 6.1 with shear studs applicable 
to specimen B1-B3. The tested 5 composite beams include a flat concrete slab with 
section 350mm x 55mm and a standard steel profile of IPE200. Two types of 
connections were employed: shear studs and epoxy. Specimen B1-B3 connected steel 
profile and the concrete slab with mechanical shear studs to achieve full and partial 
composite. Specimen B4 has a full length bond line running from one end to the other 
with width of 100m, which is the full flange width of IPE200. Therefore, it is 
considered as full composite. Specimen B5 has 8 patches of bond area 100mm x 
100mm spaced intermittently along the beam length. As the information was not 
available in the literature, a uniformly distributed pattern as shown in Figure 6.2 is 
assumed. The discontinuous bond pattern apparently makes the composite beam 
partial composite.  
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Figure 6.1 Specimen configurations and test setup of 4-point bending test (Souici 
et al. 2013) 
 
Bottom View 
Figure 6.2 Assumed distribution of epoxy bond patch for specimen B5 
The testing results by Souici et. al. suggested that the fully bonded connection ensured 
continuous transmission of longitudinal shear force between steel and concrete 
sections. Figure 6.3 shows the load-deflection and load-slip curves of all 5 composite 
beams. Even though the paper reported that B1 in the figure is full composite, the 
correctness of the data is questioned. The specimen B1 should be the lowest 
composite level with 8 shear studs while B3 should be the full composite beam with 
18 shear studs. This is also supported in the strain analysis of the B1 testing results 
that: “two members of composite beam assembled by the shear connector do not 
behave as a composite flexural member”. Therefore, judgment is made that B3 and 
B1 data should be interchanged. The behaviour of the fully bonded composite beam 
(B4) is the most rigid specimen of all the tested beams. The end slip is very small due 
to continuous connection of two materials. The discrete mechanical shear studs 
connected composite beam, may it be either full composite (B3) or effective partial 
Load Line Load Line support
support
Concrete Slab
Epoxy Bond PatchIPE200 Steel Profile
327 100 327 100 327 100 327 100 167
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composite (B2), can achieve same ultimate strength as continuously bonded 
composite beam (B4). However, the stiffness of mechanically connected composite 
beam is lower than that of the continuously bonded composite beam. Because the 
testing for B4 was terminated due to the failure of concrete slab, the ductility of the 
continually bonded composite beam B4 could not be confirmed. However, no failure 
at interfacial adhesive layer was observed. It is therefore reasonable to assume that the 
composite beam B4 did not lose structural integrity after 40mm of deflection.   
 
(a) Load-deflection curves 
 
(b) Load-slip curves 
Figure 6.3 Four point bending testing results of bonded and mechanically 
connected composite beams (Souici et al. 2013) 
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6.1.2 Simplification of 3D problem into 2D planar problem 
The shear connector load-slip curve is not available. Therefore, in the current 
numerical investigation, only 2 specimens B4 and B5, employing connections by two-
part epoxy are studied. The continuous application of epoxy along the width direction 
enables the simplification of 3D problem into 2D planar problem more reliable. 
Earlier 3D numerical analyses of the similar 2D planar dominated beam bending 
problem have been reported in (Zhao et al. 2008; Luo et al. 2012), where the 
numerical results only achieved up to peak load without nonlinear unloading. 
Nevertheless, considering the nature of such problem, it is to this author's belief that 
the computation power should be exerted to achieve a holistic structural response, 
especially for the ductility concern of partial composite beams.  
Therefore, in order to evaluate the steel concrete composite beam efficiently, 3D 
composite beam requires transformation into 2D planar problem. The objective is to 
employ 2D shell element to model the composite beam. For different sections, various 
section thicknesses in the out-of-plane direction are applied to achieve realistic 
structural response. Due to the simplicity of steel material model, the applicability of 
such planarization of such problem is verified on a steel beam bending problem. An 
example of HBE180 steel beam, which will be used in the numerical study of 
composite beam Type C tested by (Fabbrocino et al. 1998), is firstly verified against 






∆ =  (6.1) 
The steel section properties are: Elastic modulus of 200GPa; Poisson ratio of 0.3; 
yield strength of 375MPa and 475MPa corresponding to plastic strain of 0.05 and 
475MPa with ultimate strain of 0.145, same as used by (Loh et al. 2004). The beam is 
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3m in length with only half modeled. The section thickness is 180mm for flange and 
8.5mm for web. Boundary condition is roller support at one end and symmetry at the 
mid-span. The beam load-deflection curves for linear analytical solution using 
equation (6.1) and FEM with nonlinear material properties are compared in Figure 6.4. 
Before steel yielding, the numerical solution is almost identical to the analytical 
solution. After yielding, the three point loaded beam load carrying capacity is plotted 
with dot line for the beam section is yielded and reached ultimate stress. The 
numerical results agree well for the hardening part as well. This verification justifies 
the simplification of the current numerical study with 2D plane stress section.  
 
Figure 6.4 Verification of 2D section with analytical solution 
 
6.1.3 Material model 
The steel material model is relatively simple and straightforward. A bi-linear elastic-
plastic model with hardening as shown in Figure 2.2 is adopted. The available 
information only indicated that the steel section is of yielding strength 235MPa and 
elastic modulus of 210GPa. Nevertheless, Souici has reported the load deflection 
curve of IPE200 subjected to 4-point bending. Therefore, additional numerical model 
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is built to calibrate the steel material strength, since steel section contributes 
significant part to the composite beam’s load carrying capacity. The numerical results 
on the IPE200 section show different material properties. It is found that steel strength 
should be of 335MPa yielding strength and 420MPa ultimate strength. The tested and 
simulated load deflection curves using S335 grade steel are denoted with IPE200 in 
Figure 6.9.  Therefore, beam B4 and B5 are numerically studied using these properties 
adopting a bi-linear stress-strain curve for steel section SS335, rather than SS235.  
 
Figure 6.5 Yield surface of concrete damage plasticity model (ABAQUS 2010) 
The stress strain constitutive relationship for concrete material is probably the major 
attributor for FE computational instability. Current study is not focusing on the 
concrete modelling. Even though the aim is to model the stiffness degradation and 
damage within the interfacial layer, it is inevitable to incorporate the concrete model 
in current numerical study.  Therefore the concrete model adopted is presented briefly. 
A concrete damaged plasticity (CDP) model, which has been widely used to model 
reinforced concrete structures, is employed. The yield surface in the deviatoric plane 
is demonstrated in Figure 6.5. The value of Kc defines the ratio of the second stress 
invariant on the tensile meridian (T.M. in Figure 6.5) to that on the compressive 
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meridian (C.M.). The value of Kc should be within the range of 0.5 to 1.0. A value of 
0.66 as default value recommended by ABAQUS is used in current study. For 
compression, the stress strain relationship in the equation (3.14) of Eurocode 4 (BSI 
2004) is adopted and given below: 
 
2









where fcm is the mean value of concrete compressive strength with k and η defined as 
 1/c cη ε ε=  (6.3) 
 11.05 /cm c cmk E fε= ×  (6.4) 
The strain corresponding to peak stress is denoted with 1cε . The nominal ultimate 
strain is taken as 0.0035. The compressive stress strain curve adopted in the numerical 
study is demonstrated in Figure 6.6, whereby the peak compressive stress is reported 
as 35MPa in Souici et al.'s work. The stage from 0 to 0.4fcm is treated as linear elastic 
with secant modulus. This is shown with the dash line in Figure 6.6. After 0.4fcm, 
compression hardening is specified with piecewise stress-inelastic strain. As the 
proposed model is aiming to describe the failure and damage at steel-concrete 
interfaces, the concrete material in the composite structure only provides stiffness and 
compressive strength contribution to composite beam. Damage in concrete is 
therefore not included in the concrete model. The concrete tensile strength is 10% of 
its compressive strength. In order to cope with the well known mesh sensitivity 
related to strain based concrete model, the tensile behaviour is modelled with fracture 
energy cracking criterion in tension stiffening, which is shown in Figure 6.7. This is 
indeed similar to the CZM traction separation model. The numerical local stability is 
very important to obtain the post-peak structural response. Again, the aim is to model 
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the tensile and shear damage in the cohesive zone rather in the concrete, the fracture 
energy criterion for concrete can be relatively relaxed. Therefore, the value of GFI is 
increased to stabilize the numerical simulation. A sensitivity study for the GFI value 
has been carried out for this bonded composite beam model. It is found that changing 
the value by 10 times does not affect the numerical results. However, the numerical 
integration can be significantly improved. Implementation of the CZM at steel-
concrete interface to contain the damage practically allows the increase GFI value at 
preliminary numerical stage.  
Reinforcement bars 6φ  were used in the concrete slab with spacing of 300mm. Their 
contribution to the composite beam is negligible. Instead, their main function is to 
preventing splitting of concrete, which justify the employment of concrete damaged 
plasticity model. As a result, it is reasonable to exclude the reinforcement bars in the 
models. 
 
Figure 6.6 Concrete compressive stress strain curve  
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Figure 6.7 Concrete fracture energy cracking criterion under tension (ABAQUS 
2010) 
Despite the reported bulk material properties of epoxy such as elastic modulus, they 
are not useful for the CZM proposed in current study. The experimental investigation 
has provided foundation of the numerical study presented in this section. It was found 
that if without introduction of fiber into epoxy, the failure of the interface is rather 
brittle and sudden. The built-in cohesive elements in ABAQUS are sufficient to 
model the epoxy bonded steel-concrete interface. Triangular law can well represent 
the bond performance without fiber; whereas the exponential law can well represent 
the fiber reinforced steel-concrete interface. These are characterized in section 5.5.  
The two-part epoxy are modelled as a solid section with same width of steel profile 
width. As B4 and B5 have different bond line configurations, two types of cohesive 
materials are assigned along the bonded steel-concrete interface. For B4, a uniform 
material with shear bond strength of 15MPa is employed as per Souici’s testing of 
shear strength. The tensile strength is not available. However, as the composite beam 
is normally governed by interfacial shear, the tensile strength is assumed as 1MPa. 
Mode independence is adopted based on the same reason. Composite beam B5 is 
intermittently bonded. Therefore, two epoxy materials were modelled. For the actual 
bond patch of 100mmx100mm, same material model as B4’s epoxy is employed. The 
non-bonded region is modelled with same cohesive element type but with very low 
bond strength of 0.001MPa. The main reason for this proposed technique has been 
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discussed in Chapter 3. By employing a compatible high stiffness at the same order of 
concrete’s elastic modulus, the penetration of one adherend into another is almost 
avoided especially in the normal contact direction. This will effectively eliminate the 
computationally expensive contact algorithm. From another point of view, the high 
stiffness is analogous to the penalty method in the contact algorithm. The cohesive 
element in compression will not lead to damage, hence not affecting the cohesive 
section when the interfacial stress change from compression to shear and tension. 
Another important reason is the ease of modelling. 
 
6.1.4 Numerical modelling of bonded composite beam 
 The composite beam is modelled as shown in Figure 6.8. Due to symmetry, only half 
of the composite beam is modelled. The displacement in the horizontal direction and 
rotation about the out of the paper direction are constrained. The roller support point 
is constrained in only vertical direction. The solution procedure is modelled as 
displacement controlled. A zoom-up shows the section assignment. Different sections 
are tied by surface: adhesive to steel; and adhesive to concrete. In this way, it is 
possible to model three major materials in different element sizes. Steel and concrete 
are modelled in relatively large element size of 50mm in longitudinal direction. The 
steel flange and concrete slab both have 4 layers of elements in thickness direction 
aiming to eliminate numerical hour glass related to bending.  
In the numerical verification of damage based tri-linear rule in section 4.7, the 
thickness of adhesive layer is modeled as zero as a common practice found in most of 
others' research works. However, it is not necessary to do so for structural member in 
the macro-scale compared with the fracture tests. High compressive stiffness of the 
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cohesive section as discussed in material model, together with the large structural 
dimensions make it reasonable to eliminate tedious modeling. As a result, the 
adhesive layer is modelled with element size of 5mm in length and 1mm in thickness 
direction. The cohesive element is 4-node linear cohesive element with triangular 
traction separation response. The steel and concrete parts are modelled with 4-node 
linear plane stress element CPS4. Full integration rather than reduced integration is 
employed. The reason to shun reduced integration element is that different sections 
are tied together with varying element sizes, making it important to carry out 
numerical integration at 4 points of the elements rather than 1 point only. This is 
important for studying the interfacial behaviour. Total of 905 elements are used to 




       
Figure 6.8 Numerical model of bonded composite beam: boundary conditions 
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6.1.5 Numerical results and discussion 
The numerical results are compared with Souici’s experimental results in Figure 6.9. 
It is demonstrated that the proposed numerical model present the problem very well 
both at elastic stage and at post peak nonlinear region. Most importantly, the proposed 
numerical method has captured critical structural responses, which is difficult to study 
analytically. Both B4 and B5’s peak loads up to 50mm central deflection agree well 
with the testing results. Numerical result of B4 over-predicts the experimental result 
by 0.7%. Numerical results of B5 under-predicts the experimental results by only 
1.8%. Nevertheless, it is noted that the first failure of bonded joints of intermittently 
bonded B5 is 61kN by experiment and 68kN by simulation, an over-prediction by 
11.5%. The numerical simulation also renders a more sudden stiffness softening. The 
load of B4 goes up to about 130kN before the structural softens. This value is 110kN 
for the experimentally observed structural response. As for composite B5, after the 
first failure of bonded area, the load reduces and increases until 105kN before the 
composite beam softens again. This value is about 90kN by testing. However, it 
should be noted that the numerical results and experimental results approaches each 
other gradually and reach almost same both peak and post peak strength.   
The von Mises stress and plastic strain distributions for bonded full composite beam 
and partial composite beam are plotted in Figure 6.10 and Figure 6.11 respectively. 
Due to effective longitudinal shear stress transfer by the continuous bond line, plastic 
strain distribution of B4 has shown that more bottom portion of steel section are in 
plastic region hence contributing to higher load carrying capacity of the composite 
beam. Whereas for partial composite beam B5, the top portion of steel section is in 
plastic, but in tension, which is not directly shown here but can be told from the von 
Mises stress distribution. This indicates that the composite action between steel and 
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concrete is not effective. The neutral axis is located almost at the steel beam's vertical 
centre at mid-span. This explains the lower load carrying capacity of partial 
composite beam. The higher strain adjacent to the load point and discrete bond area 
for B5 also coincide with the experimentally observed concrete failure location.      
 
Figure 6.9 Load displacement curves for bonded composite beam comparing 
numerical and experimental results 
 
  














Figure 6.11 Plastic strain distribution of bonded steel-concrete composite beam 
 
In Figure 6.12, the interfacial slips between concrete and steel are also compared for 
full and partial composite beams. The slips were taken as distance between the left 
bottom corner of concrete slab and the left top corner of steel section. The slip is 
0.03mm for B4 and 5.87mm for B5. The measured maximum slip was negligible for 
B4 and 6mm for B5. The interfacial end slip vs. load curves are compared in Figure 
6.13. The simulated slip of partial composite beam B4 is more gradual compared with 
testing measurement. However, this is considered reasonable as it is impossible to 
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good agreement in terms of slip shows that the interfacial behaviour is well modelled 
using the proposed numerical method.  
 
B4    B5 
Figure 6.12 Simulated slip between steel section and concrete slab 
 
Figure 6.13 Comparison of load vs. interfacial slip curves 
 
6.1.6 Numerical simulation of bonded composite beam subjected to uniformly 
distributed load 
Experimental study of structural member subjected to uniformly distributed load 
(UDL) is generally difficult to carry out. However, in the structural design, the action 
Concrete 
 
Steel IPE200 Steel IPE200 
Concrete 
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on composite beam is generally given in the form of UDL. The numerical model 
verified by the testing results is employed to study the epoxy bonded composite beam 
subjected to UDL. Same structural configuration but a vertical UDL is applied at the 
concrete slab. Modified Riks method is employed since displacement control cannot 
be applied to such loading scenario. Both full composite and partial composite beams, 
denoted by B4 UDL and B5 UDL respectively, are studied numerically. The load 
deflection curves are compared with four point bending (FPB) results presented in 
section 6.1.5. Comparing with the point loaded case, the uniformly loaded composite 
beams achieve higher capacity and stiffness. This is well explained since the 
composite beam is governed by flexural capacity. The moment produced by UDL is 
less than point loads. In the same testing geometric configurations and given same 
load P, the ratio of maximum moment induced by FPB, MFPB within region of La, and 






=  (6.5) 
Equation (6.5) yields a ratio of 1.57 for the dimensions in Figure 6.1. Apart from the 
difference in terms of induced moment by different load distributions, the 
compression on top of concrete slab also prevents the separation between steel and 
concrete. It will be displayed in the parametric study of section 6.1.7 that the epoxy 
tensile strength is also crucial to the structural response of bonded composite beam. 
This compressive action will further improves the ultimate load carrying capacity. 
When comparing the numerical results, the load carrying capacity of B4 UDL is about 
1.85 times that of B4 FPB. The ductility is also quite similar. The load deflection 
curve of B5 UDL reaches the peak load linearly with higher stiffness, however 
followed by sudden unloading. Riks method is used due to loading nature. It is well 
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capable of tracing globally unstable load path. Unfortunately, it is also known for 
spring back the solution path as observed in Figure 6.14. Due to the sudden unloading 
as predicted, load controlled solution procedure is also not capable of solve such 
problem beyond the 1st peak load. As a result, whether the partial composite beam 
can achieve ductility or not remains un-answered. However, comparing the first peak 
strength of B5 UDL and B5 FPB, an increase by 160% is observed.  
 
Figure 6.14 Comparison of full and partial composite beams subjected to UDL 
and FPB 
 
6.1.7 Effect of bond strength for bonded composite beam 
It was confirmed by testing about the effectiveness of bond between steel and 
concrete to achieve composite action. Good agreement between the proposed 
numerical model and testing results makes it possible to carry out parametric study in 
this section. The most important parameters are the bond strengths for engineering 
application. In early numerical model, the shear strength is based on the reported 
15MPa shear strength and assumed 1MPa tensile strength of epoxy. In this section, 
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shear strength and tensile strength of epoxy are varied to investigate their influence on 
bonded composite beam. Since only four point bending was tested and verified, this 
parametric study only compares the results and derive conclusion based on same load 
condition. 
Total of 23 numerical specimens are studied as summarized in Table 6.1. The 
specimen with No. 5, and 14 are same, while No. 11 and 21 same. Continuously and 
intermittently bonded composite beam are denoted with prefix B4 and B5 respectively. 
The prefix is followed by numbers denoting tensile strength and shear strength. By 
fixing tensile strength at 1MPa, the shear strength is varied from 0.1MPa to 20MPa to 
investigate their effect on composite beam. When studying the effect of tensile 
strength, the shear strength is fixed at 15MPa. One additional example is B5-0.5-15 
because the convergence for B5-0.1-15 is too slow to achieve 50mm deflection. The 
ultimate capacities of composite beams and whether they are full or partial composite 
are summarized in Table 6.1. Where applicable, the secondary peak loads lower than 
the highest peak load are bracketed. For clarity, if the ultimate load carrying capacity 
can reach the full composite resistance of the section, it is defined as full composite. If 
the ultimate capacity can only reach the section resistance determined without 
considering composite effect, despite early stage higher stiffness, it is defined as non-
composite. If the ultimate capacity can be higher than non-composite resistance, but 
before full composite resistance is reached, it is defined as partial-composite. 
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Table 6.1 Parametric study on bonded composite beam 










Full / Partial / 
Non Composite? * 
1 B4-1-0.1 
1 
0.1 115.03 Non 
2 B4-1-1 1 115.03 (56.07) Non 
3 B4-1-5 5 151.76 (114.92) Partial 
4 B4-1-10 10 164.06 Full 
5 B4-1-15 15 164.73 Full 
6 B4-1-20 20 164.73 Full 
7 B5-1-0.1 
1 
0.1 115.04 Non 
8 B5-1-1 1 115.04 Non 
9 B5-1-5 5 115.02 (47.08) Non 
10 B5-1-10 10 115.03 (67.25) Non 
11 B5-1-15 15 114.99 (68.16) Non 
12 B5-1-20 20 115.04 (69.50) Non 




14 B4-1-15 1 164.73 Full 
15 B4-5-15 5 165.20 Full 
16 B4-10-15 10 165.39 Full 
17 B4-15-15 15 165.48 Full 
18 B4-20-15 20 165.54 Full 
19 B5-0.1-15 0.1 
15 
- Non 
20 B5-0.5-15 0.5 115.03 (49.23) Non 
21 B5-1-15 1 114.99 (68.16) Non 
22 B5-5-15 5 141.87 (114.99) Partial 
23 B5-10-15 10 157.08 (115.10) Partial 
24 B5-15-15 15 162.19 (114.58) Partial 
25 B5-20-15 20 163.89 (113.89) Full 
*NOTE: Non composite: Maximum resistance is determined by non-composite 
resistance 
 Partial composite: Maximum resistance is higher than non-composite 
resistance and lower than full composite resistance  
Full Composite: Maximum load capacity can be determined by full 
composite resistance 
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The load deflection curves are plotted in Figure 6.15 to Figure 6.18. These curves 
clearly demonstrate that not only shear strength but also tensile strength play 
important role in the bonded composite beam.  
Figure 6.15 shows that with tensile strength being 1MPa, shear strength over 10MPa 
can achieve same stiffness and ultimate capacity for continually bonded composite 
beam. This verifies our general belief that the shear strength is critical in the steel-
concrete composite beam. If the strength is 5MPa (B4-1-5), the composite beam can 
reach an ultimate capacity of 151.76kN, after which the composite action is lost. The 
beam will unload suddenly to 80MPa, but gradually picks up to 114.92kN. This is at 
the same level steel and concrete resist the moment without composite action. If the 
shear strength is reduced further, the composite action will degrade at a much lower 
load, making the composite beam less stiff with lower load carrying capacity.  
Indicated by Figure 6.16, the tensile strength is not unimportant even for a 
continuously bonded composite beam. If the tensile strength is only 0.1MPa, the beam 
starts to lose stiffness at about 60kN, indicating the initiation of damage at bond layer. 
When the load reaches 106kN, the beam unloads abruptly due to full loss of 
composite action. The non-composite load-path will be followed. On the other hand, 
increasing the tensile strength over 1MPa for continually bonded composite beam 
does not increase the stiffness or ultimate load carrying capacity. These numerical 
results demonstrate that the tensile strength for a continually bonded composite beam, 
which is sufficiently bonded in shear direction, has secondary effect. However, too 
low tensile strength may also cause premature failure. 
When the steel beam and concrete slab is partially bonded, the importance of tensile 
strength and shear strength seem to be interchanged. Increasing shear strength does 
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not help to achieve full composite action as shown in Figure 6.17. Higher shear 
strength merely delay the loss of composite action. What's more, if the shear strength 
is increased from 10MPa to 20MPa, such effect to delay local damage is also futile. 
However, the effect of increasing tensile strength is more prominent. If the tensile 
strength is increased from 1MPa to 20MPa, it is possible to achieve full composite 
even for intermittently bonded composite beam. Despite that such possibility exist 
theoretically, the numerical results presented here shall not be misinterpreted. As 
early discussion in this thesis, CZM is trying to model the damage at the bi-material 
interface. Cohesive layer's strength is not relying on bonding agent, such as epoxy in 
this case. It is also determined by the weaker adherend, concrete herein. The tensile 
strength of general concrete is far less than 20MPa. The direct tensile strength of 
concrete is within 1MPa to 5MPa, which makes it possible to interpolate the results 
between B5-1-15 and B5-5-15 in Figure 6.18. Unless engineering cementitious 
composite (ECC) is employed as adherend, increasing the bond area is still more 
practical. Additionally, of the existing polymer based bonding interfaces, tensile bond 
strength is generally much lower than shear strength. This numerical study points out 
that if a composite beam has to be bonded intermittently by epoxy, tensile strength is 
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6.2 Numerical study of bonded SCS sandwich beam 
The key differences between conventional steel-concrete composite beam and SCS 
sandwich beam are: 1) different interfacial load scenarios at top and bottom; 2) 
concrete will usually subject to tension depending on different steel face plate 
thickness; and 3) local buckling of compressive steel faceplate. Current research has 
only investigated the shear behavior by push-out tests. Some preliminary tests are not 
successful due to characteristics of concrete and lack of standard testing method. 
Numerical study in this section is based on assumption that the tensile and shear 
modes have same behavior. 
6.2.1 Effects of bond strength 
After the verification of adhesive material model, one numerical model of bonded 
SCS sandwich beam is constructed to investigate possible failure of SCS sandwich 
beam related to interfacial debonding. The beam has dimensions of 2-100-2 (SCS) x 
1000mm x 200mm. The numeric value of 2-100-2 denotes the top plate thickness- 
sandwich core thickness-bottom plate thickness with unit being mm. The beam is 
modelled as a plane stress problem. Only half the SCS beam is modelled due to 
symmetry (Figure 6.19). The beam is simply supported. Plane CD is constrained to 
rotate together to apply a uniform moment to the bonded SCS sandwich beam. This 







Figure 6.19 FE Model of bonded SCS sandwich beam subjected to pure bending 
C L 
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Both steel and concrete material models are same as previous numerical examples. 
The normal weight concrete with ultimate compressive strength of 30MPa and 
ultimate tensile strength of 3.33MPa are adopted.  
A numerical example of bonded SCS sandwich beam with various bond strengths of 
0.375MPa, 0.75MPa, 1MPa and 1.5MPa is studied. The moment vs. rotation curves of 
such four specimens are plotted in Figure 6.20. It is apparent that when the bond 
strength varies, the performance of bonded SCS beam exhibits significant different 
behaviour. For epoxy bond strength of 0.375MPa and 0.75MPa, the existence of 
adhesive helps to increase the section moment capacity beyond the analytical plastic 
moment capacity when steel is firstly yielded. However, after the failure of adhesive, 
the buckling of top plate leads to the drop of moment resistance. For bond strength of 
1MPa and 1.5MPa, no buckling of compressive plate is observed up to 0.15 radian 
rotation. The moment capacity of SCS section built up slowly. However, steel 
material's hardened stress is not utilized due to the loss of composite action and crack 
through of concrete section at several locations.  
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In addition to the deformation shape, buckling of top plate, the crack patterns of 
concrete at 1.5 radians for SCS beams employing various bond strengths are 
illustrated in Figure 6.21. When the bond strength is 1.5MPa, the concrete core of the 
half SCS beam is cracked into 4 segments. A diagonal crack is also developed at the 
end the beam. From these results, it can be concluded that bond strength affect the 
failure modes of the bonded SCS sandwich beam. 
Apart from the tensile failure causing the buckling of the top plate, shear failure at 
bottom plate interface is also observed. The cracks are plotted in Figure 6.22. The 
locations of cracks are highlighted with dotted ecliptics. The values of SDEG are 
degradation of cohesive elements' stiffness. They serve as indications of how the 
damage at adhesive layer has developed. A close examination of development of 
crack in concrete and adhesive, it can be told that the crack in adhesive will lead to the 
stress concentration at adjacent concrete. Vice versa, the crack in concrete will also 
lead to the failure of adjacent adhesive.  
 
  









(a) Bond strength = 0.375MPa 
 
(b) Bond strength = 0.75MPa 
 
(c) Bond strength = 1.0MPa 
 
(d) Bond strength = 1.5MPa 
Figure 6.21 Buckling and crack distribution in bonded SCS 2-100-2 beam  
 
  









(a) Bond strength = 0.375MPa 
 
(b) Bond strength = 0.75MPa 
 
(c) Bond strength = 1.0MPa 
 
(d) Bond strength = 1.5MPa 
Figure 6.22 Shear cracks between bottom face plate and concrete core for SCS 2-
100-2 beam  
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6.2.2 Numerical model for SCS6-100-6 
Similar as previous example, a parametric study of 6-100-6 bonded SCS sandwich 
beam is carried out in this section. The moment vs. rotation curves are plotted in 
Figure 6.23. Different from the numerical results of 2-100-2 bonded SCS sandwich 
beam, for 0.375 and 0.75MPa, after the adhesive failure and local buckling of top 
plate, the section moment capacity drops below the analytical plastic moment capacity, 
which is 30.46 kNm. A plausible explanation for this can be found in the crack pattern 
at the top corner of concrete core as shown in Figure 6.24. Different from the 
corresponding 2-100-2 SCS beam, the crack has kinked into the concrete. The 
concrete above the crack is no longer contribute to the moment resistance of the 
section since the top plate, which is supposed to confine the concrete, has buckled. In 
the contrary, the 2-100-2 SCS sandwich beam has not demonstrated this phenomenon. 
This is due to the fact that the external work is smaller than the fracture energy 
required for crack to kink into the concrete core. In other words, as steel plate is 
thinner, the force at the beam end is not large enough to cause the failure of concrete 
part. 
When the bond strength is increased to 1MPa and 1.5MPa, no local buckling is 
observed up to 0.15 radians of rotation. The shear crack is still observed at bottom 




















Figure 6.23 Moment vs. rotation curve of SCS 6-100-6 with various bond 
strengths 
  































(a) Bond strength = 0.375MPa 
 
(b) Bond strength = 0.75MPa 
 
 
(c) Bond strength = 1.0MPa 
 
(d) Bond strength = 1.5MPa 
Figure 6.24 Buckling and crack distribution in bonded SCS 6-100-6 beam 
  











(a) Bond strength = 0.375MPa 
 
(b) Bond strength = 0.75MPa 
 
(c) Bond strength = 1.0MPa 
 
(d) Bond strength = 1.5MPa 
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6.2.3 Effects of fiber reinforcement at interface 
The experimental study and numerical characterization in Chapter 5 have shown that 
when the flexible fiber are added to the epoxy to aid steel-concrete interface, the bond 
strength is not enhanced, however the fracture toughness is greatly improved. In this 
section, the effect of fiber reinforcement on the macro-scale performance of bonded 
structural SCS beam is examined numerically. Same numerical model of SCS6-100-6 
is compared between case of 0.75MPa without fiber reinforcement and case of 5% 
Fiber reinforcement curing in 14days with bond strength of 0.7MPa. The pure 
bending moment vs. rotation curves are plotted in Figure 6.26. The structural models 
at 8.6o rotation are compared in Figure 6.27. Even with lower bond strength, the local 
buckling of top steel plate is not observed up to 0.15 radian of end rotation. The 
increase of fracture toughness associated with a more ductile interfacial behavior 
alleviates the buckling of compressive plate. The numerical result suggests that the 
employment of polymer fiber at the epoxy aided steel-concrete interface can improve 
the structural integrity.  
 
Figure 6.26 Effect of fiber toughening on SCS 6-100-6 sandwich beam 
 




without polymer fiber toughening 
 
 
with 5% fiber toughening 
Figure 6.27 Failure modes comparison without and with fiber toughening 
 
6.2.4 Effects of interfacial friction coefficient 
Despite the exclusion of contact in the proposed numerical model, it is interesting to 
investigate the effect of friction coefficient whereby contact can also be modelled 
explicitly. Various friction coefficients have been used by different research works. 
The choice seems quite arbitrary within a range of 0.2-0.4. There is also 
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recommendation for grouted pipe and joints that of coefficient of 0.6 should be 
adopted. No systematic comparison is known to this author, even though some 
admitted its significant effect on structural response (Dogan et al. 2010). A three point 
bending problem is examined using previously studied bonded SCS beam model. 
However, stiffness of cohesive element is reduced with contact being defined between 
steel and concrete. The reason to use three point bending test is that the cohesive 
element will be easily damaged due to higher interfacial stress after the concrete at the 
mid-span is cracked. Because of the equivalent steel face plat thickness, and as 
indicated in the Figure 2.18, the concrete in the mid span can be easily cracked. The 
crack of concrete will in turn cause the stress concentration at bond line and damage 
the epoxy at steel-concrete interface. After the failure of cohesive element, the shear 
transfer depends largely on the friction. Indeed, after the cracking of concrete as 
indicated in Figure 6.28, it seems that the friction coefficient between steel and 
concrete plays significant role for ultimate load carrying capacity. The increase of 
ultimate load carrying capacity as the increase of friction coefficient is demonstrated 
in Figure 6.29. Comparing with frictionless and 0.6, the ultimate load carrying 
capacity has a difference of 13.4%. Even between the widely adopted coefficients 0.2 
and 0.4, the difference is 9.25%. From numerical point of view, higher friction 
coefficient does not only lead to the increase of ultimate load carrying capacity, it also 
helps to stabilize the numerical solution procedure. Towards a safe design, the 
recommended friction coefficient should be taken as ≤0.2. The reason is that friction 
depends on many factors such as surface treatment and site contaminations etc., hence 
not reliable. In addition, friction is also proportional to varying normal loads, whereas 
design loads will be multiplied by a safety factor leading to higher friction. To this 
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end, such uncertainty urges the elimination of contact and friction model to study the 
composite structure numerically. 
Table 6.2 Comparison of numerical results of bonded SCS beam subject to 3-




Normalized by Width (N) 
Corresponding Mid-
Span Deflection (mm) 
0.6 168.928 (13.420%) 1.763 
0.4 164.540 (10.474%) 1.725 
0.3 159.661 (7.198%) 1.719 
0.2 150.608 (1.120%) 1.658 
0.001 148.890 (-0.374%) 1.671 
Frictionless 148.940 (-) 1.640 
 
 
Figure 6.28 Effects of Steel-Concrete Friction Coefficients on the Behavior with 
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Figure 6.29 Comparison of friction coefficient effects 
 
6.3 Application of CZM to model shear connectors 
The shear connectors play vital role in the steel-concrete composite structure. Despite 
its seemingly simple concept, the structural behavior of shear connector is extremely 
complex. This is even so when shear connectors are employed in sandwich structures 
as the top and bottom interfaces may, as a matter of fact in most cases, experience 
different force combinations under flexural actions. The failure modes as shown in 
Figure 2.1 (b) and (c) require special attention in numerical analysis. 
In previous section, the epoxy bonded steel concrete composite beams both full 
composite and partial composite are effectively modelled using the proposed method. 
One of the objectives in the current study is to employ cohesive elements to model the 
critical interfacial behaviour in steel-concrete composite structure. As the most 
important form of connection in practical composite construction, shear connector fail 
at steel-concrete interface under most cases. Therefore, cohesive element is employed 
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6.3.1 Choice of proper traction separation law 
The work by Gattesco modeled both the shear connection and the interface bond 
(Gattesco 1999). Chung et.al. modeled the shear connection and contact at the 
interface (Chung et al. 2006). In both research, the shear connector is represented by a 
nonlinear spring with an exponential shear force vs. slip relationship, which was 
originally proposed by (Ollgaard et al. 1971) and expressed as follow: 
 (1 exp( ))uQ Q s
αβ= − −  (6.6) 
The value of Q is the longitudinal shear force and Qu is the ultimate shear force. The 
slip is denoted by s. The value of α  and β  are normally fitted by shear connector 
push-out testing data. For example, two sets of parameters (α = 0.989, β =1.535) and 
(α = 0.558, β =1.0) were used in (Johnson et al. 1991). Another work by (J.M. et al. 
1982) proposed the use of α = 0.8, β =0.7. The formula with these mentioned 
parameters are plotted in Figure 6.30. Despite that equation (6.6) is probably the most 
widely used expression to describe the longitudinal shear force of mechanical 
connector, this model approaches to ultimate longitudinal shear force Qu when s is 
approaching infinity. It has also apparently not describing the softening branch, which 
is observed in most of push-out test of shear connectors such as shown in Figure 6.31. 
Undeniably, by limiting the maximum slip to a relatively small value, e.g. 5mm, this 
model is acceptable for certain cases. However, for the current research where partial 
shear connection is a concern, Ollgaard's model is not sufficient. The results extracted 
from (Loh et al. 2004) in Figure 6.32 demonstrates that no softening is captured using 
Ollgaard's model, whereas the test results clearly shows the unloading and stiffening 
beyond 8mm slip as shear studs degrades and load is redistributed.  
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Figure 6.30 Shear vs. slip model by (Ollgaard et al. 1971) using various 
parameters by other researchers 
 
Figure 6.31 Typical shear vs. slip curve by tests (Bro et al. 2004) 
 
Figure 6.32 Demonstration of limitation of Ollgaard's model (Loh et al. 2004) 
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In view of the aforementioned limits, current research employs CZM to model the 
shear connectors. All the relevant traction separation laws, including proposed new 
model and existing models, have been presented in Chapter 3, where the insightful 
characteristics of these models and their limitations have been discussed. Due to its 
versatility and the structural characteristics of shear connectors, tri-linear CZM with 
effective damage are found suitable for the current investigation. For shear mode 
governed behavior, if tensile traction separation behavior is not available, mode mix 
will not be considered. 
6.3.2 Characterization of mechanical shear connector by CZM 
The research work by Bärtschi characterized the shear connector as trapezoidal shape 
in three types as shown in Figure 6.33 (Bärtschi 2005). The choice of the load-slip 
behavior is based on higher strength, but lower initial stiffness and ductility; or lower 
strength, but higher initial stiffness. However, such approximation using trapezoidal 
shape is over-conservative from energy perspective. 
 
Figure 6.33 Characterization of load-slip curve by (Bärtschi 2005) 
Tri-linear law is suitable for the more ductile shear connector failure due to the 
"plateau" region and possibility to model "hardening" behavior.  For a typical J-hook 
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shear connector developed by the author (Liew et al. 2009), the failure can be 
dominated by the shank shear failure especially when high strength concrete is used in 
the composite construction. On the other hand, if the failure is governed by the 
bearing and splitting failure of lower strength concrete, the longitudinal shear 
resistance is quite low. The behavior is dependent on the concrete type employed. 
Such typical failure damage is shown in Figure 6.34. Obviously, tri-linear model 
based on two tractions and three separations can describe such behavior well. 
 
Figure 6.34 Typical different push-out test results 
Many experimental researches indicated that the shear stud behavior is highly 
dependent on the combination of many factors. Such factors including steel and 
concrete strength, diameter and height of shear connector, elastic modulus of concrete 
etc. are specified by EC4 empirical formulae in equation (2.36) and (2.37). It is also 
advised that the tensile splitting of concrete may lead to premature failure. All these 
factors make it impossible at least at current stage to provide a unified model. The 
design and analysis should be assisted by and heavily dependent on testing. For the 
novel J-hook shear connector, this principle applies as well. For example, the pus-out 
test on J-hook shear connector reported by (Yan 2012) demonstrates the versatile 
LWAC
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behavior, or in other words difficulty to model. Test results with various hook 
connector diameters are compared in Figure 6.35. Higher diameter 16mm can achieve 
higher shear resistance, but premature tensile splitting of concrete related to high 
shear resistance of connector is observed. The energy dissipated by damage is lower 
than that of smaller diameter. Changing the shear connector height and concrete 
thickness will also have significant effect on the behavior of shear connector. Figure 
6.36 shows that same material properties, connector diameters but varying concrete 
thickness will result in different failure modes. Higher concrete core thickness can 
prevent premature concrete failure.  
 



















Figure 6.36 Typical push-out test results with various concrete thickness 
 
For the tensile performance of J-hook shear connector embedded inside various 
concrete core, some typical load slip curves investigated experimentally and reported 





















Figure 6.37 Typical tensile load-slip curves for J-hook shear connector 
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Comparing with push-out test results governed by shear, the J-hook connector in 
tension has lower strength but can achieve much ductile failure deformation, thanks to 
the straightening of hooks.  
Due to the large number of combinations of these factors, a unified model is 
impossible. The aim of current study is to implement a rather unified framework but 
capable of modeling versatile interfacial behavior between steel and concrete. Only 
the available shear connector behaviors will be characterized and discussed in the 
following numerical studies. Nevertheless, a framework is proposed in section 6.6 to 
test, model, and analyze such problem with CZM. 
6.3.3 Numerical simulation of load sharing mechanism 
In the study by (Dai 2009), Expamet® was used to enhance the interfacial 
performance between steel and concrete. The configuration of the product is shown in 
Figure 6.38. It can be spot welded to the steel surface to increase friction and to 
include more concrete to provide the shear resistance. If the welding strength is good 
enough, the failure is governed by shear of concrete. Due to large contact area at 
Expamet-concrete surface, the stress is more uniformly distributed. The concrete 
within the mesh voids subject to compression, shear and confinement. Therefore, 
employment of Expamet can lead to high interfacial shear strength. However, the 
ductility is dictated by brittle concrete. Shear connector were proposed to use together 
with Expamet as shown in Figure 6.39. The complex configuration and complicate 
contact scenario are extremely difficult to be modeled by 3D FEA. However, the 
proposed numerical model containing damage at steel-concrete interface is well 
capable of the task. 
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Figure 6.38 Product Expamet used to enhance bond strength 
 
Figure 6.39 Interfacial load sharing by shear connector and Expamet 
The reported push-out test results of specimen using Φ8mm hook connector without 
Expamet (HPF-8), and that with Expamet only (NEF) are characterized by proposed 
Tri-linear CZM. The characterized load-slip curves comparing with experimental 
results are shown in Figure 6.40 and Figure 6.41. The key points were selected to 
represent 2 peak strengths, 2 corresponding displacements and 1 final failure 
displacement as summarized in Table 6.3. The user element subroutine developed in  
Chapter 4 is used to model the load sharing mechanism. Similar to the model in 
section 6.1, different sections are applied with CZMs adopting traction-separation 
laws derived from testing results of HPF-8 and NEF respectively. Due to the pure 
shear mode nature of push-out test, the damage parameter β  does not affect the 
results with 25 being used. 
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Table 6.3 Tri-linear CZM parameters for push-out test of combined Expamet 
and J-hook connectors 
Parameters J-Hook Connector Section Expamet Section 
σ0 6.898 MPa 1.865 MPa 
σ1 9.276 MPa 0.655 MPa 
δ0 0.405 mm 0.173 mm 
δ1 8.0 mm 1.0 mm 
δf 11.77 mm 25 mm 
β 25 25 
 
Comparison of push-out test and numerical results is given in Figure 6.42. They agree 
well up to 1mm displacement. Thereafter, due to the conservative simplification of 
realistic testing curves by tri-linear segments and possible difference between real 
specimens, numerical results deviate from testing results. The behaviour of connector 
after second peak load is reached is approximated by a third linear segment. The 
residual strength of Expamet is approximated by linear reduction to fδ . However, the 
critical structural behaviours of load sharing are captured. The majority part of shear 
strength is contributed by Expamet assisted steel-concrete interface up to 0.326mm, 
which is between 0δ  of two cohesive sections. The bond strength quickly dropped 
after reaching of peak load by shearing at concrete interface until shear connector 
contribute more to the interfacial strength. After 8mm, the shear connector degrades 
quickly and provides the interfacial shear strength together with residual strength of 
Expamet interface. When the mechanical connector is completely failed at 11.77mm, 
simulated push-out loads gradually fail following the last part of load slip curve 














Figure 6.40 Characterization of shear connector by tri-linear model 
 
 
Figure 6.41 Characterization of Expamet by tri-linear model  
Chapter 6 Numerical modeling of steel concrete interface behavior in composite structures 
233 
 
Figure 6.42 Comparison of load slip curves by experiments and numerical 
simulation 
 
6.4 Numerical model of mechanically connected composite beam 
Due to the availability of information, especially both shear connector testing results 
together with the composite beam testing results, the composite beam experimentally 
studied by Fabbrocino et al. and analytically studied by Loh and Uy et.al. is modelled 
using the proposed method. The composite beam configuration is shown in Figure 
6.43. Beam type C is chosen because of the partial composite interaction between 
steel section and concrete slab and the observed failure shear connector. It is also 
important to study the composite beam response under hogging moment, which is 
important for the continuous composite beam construction. The material properties 
were reported by (Loh et al. 2004). The push-out testing results on the employed 
headed shear stud is reported in (Fabbrocino et al. 1998) and shown in Figure 6.44.  
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Figure 6.43 Specimen dimensions and test setup for beam type C 
The numerical model utilizes the same numerical approximation for different sections 
as presented in section 6.1.4. Different from the bonded composite beam, two traction 
separation laws, i.e. bi-linear and tri-linear curves, are adopted herein to compare their 
effect considering the nature of mechanical shear connector. Bi-linear CZM is 
implemented with ABAQUS built-in cohesive element following the triangular shape 
in Figure 6.44. The shape aims to capture the maximum shear strength of 73.75kN as 
reported and an assumed maximum deformation of 10mm. Tri-linear CZM is 
implemented with the subroutine developed in Chapter 4 with the dash line shown in 
Figure 6.44. Tri-linear model is apparently more suitable to model the shear stud 
behavior. Two key loads are selected as 47.72kN (at first load drop) and 73.75kN 
(maximum load). The strength is divided by the area of 16mm by 180mm, which are 
the diameter of shear studs and width of steel flange. The load slip curves by these 
two models are compared with experimental results in Figure 6.45. The experimental 
P 
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results only reported the deflection up to 200mm without ultimate failure reported. 
The sudden drop of load was reported by a shear failure at one side of beam only 
because of the quality of fabrication and asymmetry. Due to symmetric model, such 
phenomenon was not captured in the numerical results. However, the tri-linear model 
is loaded until 300mm deflection. The load deflection curve shows a more gradual 
unloading, which is generally not reported in literatures. Comparing the Bi-Linear 
model and Tri-Linear model, the latter is more accurate in terms of stiffness, softened 
behavior and unloading. An explanation is that Bi-linear CZM represents less energy 
to be dissipated by damage. Therefore, the obtained results gives lower load carrying 
capacity. On the other hand, the tri-linear CZM model is well capable of modeling the 
partial composite beam mechanically connected by shear studs.     
 













Figure 6.45 Comparison load deflection curves of beam type C 
 
The load vs-slip curves are also compared as shown in Figure 6.46. It is demonstrated 
that tri-linear CZM gives higher slip at same load level. However, the curve 
approaches to experimental results when the composite beam softens. This may be 
due to the existence of friction especially at small slip stage. When slip is relatively 
large, the effect of friction is reduced. Upon the ultimate load is reached, the end slip 
reduced slightly. For Bi-Linear CZM, the slip is much larger. The slip distribution 
along the beam are plotted in Figure 6.47 at two critical loads: 236.71kN marking the 
softening of composite beam, and maximum load of 281.77kN. "SC" denotes the 
location of shear studs along beam. It is shown that the shear stud close to beam 
centre has stronger effect for slip restriction. The slip distribution has the same trend 
as those proposed in (Ranzi et al. 2004) and employed in analysis by (Loh et al. 2004) 
at lower load. However, when the load is higher, the stronger slip restraint effect by 
shear stud close to beam center is illustrated by the current numerical model. The 
interfacial slip along the steel-concrete interface by experimental measurement is 
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difficult. Despite the planarization of the composite beam, the numerial results 
demonstrate a plausible insight for slip distribution considering partial composite 
action.      
 
Figure 6.46 Comparison of load slip curves of composite beam type C 
 
Figure 6.47 Distribution of interfacial slip along composite beam type C 
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With the validation of numerical model using proposed CZM, it is important to 
investigate the maximum slip requirements posed by current design codes, which has 
been discussed in section 2.7. Without changing the maximum shear strength used, 
the maximum slip capacity is varied from 4mm to 10mm. The ultimate load 
corresponded slip is 2mm less than the slip capacity as shown in Figure 6.48. The 
corresponding numerical results are compared in Figure 6.49. Apparent effect is the 
early unloading of composite beam and peak loads. The numerical results imply that a 
slip capacity of 6mm recommended by EC4 may not be sufficient for low degree 
partial composite beam. The proposed numerical model by CZM can be a very 
efficient tool to answer this question.        
 
























Slip Capacity = 4mm Slip Capacity = 6mm
Slip Capacity = 8mm Slip Capacity = 10mm
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Figure 6.49 Numerical results of Beam Type C with various connector slip 
capacities 
 
6.5 Numerical modeling of mechanically connected SCS sandwich beam 
In this section, three SCS sandwich beams tested and analyzed by (Liew et al. 2009) 
are modeled numerically using CZM. Similar to the bonded SCS sandwich beam in 
section 6.2, sandwich composite is more complex compared with conventional steel 
girder-concrete slab construction. Different interfacial behaviors are expected in top 
and bottom interface subjected to bending. In optimally designed conventional 
composite construction, the neutral axis will locate within steel section to fully utilize 
the material strength. Concrete will be under compressive state. While the concrete 
core in SCS sandwich beam is under more complex stress status, introducing 
numerical instabilities. Following the philosophy in this thesis, most damage 
following push-out and pull-out tests results is contained at steel-concrete interface.  
Three representative SCS beams are modeled with CZM as follow:  
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1) SCS100 fabricated with normal weight concrete of fc=48.3MPa and 2 rows of 
J-hook connectors with spacing 100mm.  
2) SLCS200 fabricated with lightweight concrete of fc=27.4MPa and 1 row of J-
hook connectors with spacing 200mm.  
3) SLFCS300 fabricated with fiber reinforced lightweight concrete of 
fc=28.0MPa and 1 rows of J-hook connectors with spacing 300mm.  
6.5.1 Numerical model of three point loaded SCS sandwich beam 
The existence of discrete mechanical shear connector will limit the crack propagation 
of concrete in-between connectors. This makes the load carrying capacity of SCS 
sandwich composite quite different when the spacing of shear connectors varies. If 
there is no shear connector, a single major crack will go through the concrete core 
when SCS sandwich beam is subjected to 3-point load as demonstrated in Figure 6.50 
(a). The distribution of plastic strain roughly demonstrates the crack pattern as the 
tensile strength is very low for concrete. The weaker link of SCS sandwich beam is 
the tensile shear capacity of concrete. Despite discrete high shear strength at 
connector location as conventional composite construction, the numerical model is 
insufficient. Employment of shear connector e.g. in SCS100 beam will change this 
pattern as shown in Figure 6.50 (b). The connector section can be modelled as elastic 
material because the maximum stress in elastic section is governed by the weaker 
cohesive section and concrete section. This will be illustrated in the proposed 
framework in section 6.6. Therefore, the numerical model is proposed as shown in 
Figure 6.51. The characterization of pure tensile and shear modes will be presented in 
following discussions. 
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(a) SCS sandwich beam with only CZM at interface 
 
(b) SCS sandwich beam with both CZM at interface and elastic connector 
Figure 6.50 SCS sandwich beam plastic strain distribution for: (a) without shear 
connector (b) with elastic connector 
 
 
Figure 6.51 Sections of SCS sandwich beam with mechanical shear connectors 
  
6.5.2 Numerical results and discussion for full composite sandwich beam 
Of three SCS sandwich beams simulated, SCS100 has highest composite degree of 
1.39. The simulation results shown in Figure 6.52 does not agree well. Quite different 
behavior is observed comparing with experimental results. The plastic analysis results 
by strut and tie model by Liew et al. are also lower than the test results by 13% (Liew 
et al. 2009). The sandwich beam behavior contradicts to common understanding of 
full composite structure. The peak load of 86.8kN was followed by continuous 
unloading. No hardening is observed despite the reported failure mode of tensile plate 
Elastic connector 
Concrete core 
Steel face plate 
Bi-linear CZM 
(low strength, high 
compressive stiffness) 
Tri-linear CZM 
(based on push-out and 
pull-out tests) 
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yielding. One possible explanation is that the close spacing and relatively thin 
concrete core has changed the behavior of shear resistance due to complex stress 
interaction. The reported push-out test results of J-hook connectors embedded in 
normal weight concrete (NWC-10) was based on spacing of 150mm, whereas the 
spacing in SCS100 was only 100mm. The push-out results reported in Figure 6.36 
also demonstrates that smaller concrete core will lead to splitting failure of concrete. 
These may be the major contributing factors to the non-ductile unloading of SCS100.  
 
Figure 6.52 Comparison of load deflection curves for SCS100 
In view of the discrepancy, 5 sets of parameters including the one characterized using 
reported push-out test results are compared. As summarized in Table 6.4, these sets of 
parameters retain same maximum shear strength and initial stiffness, but varying 
critical displacement determining the degree of damage. The tri-linear CZM adopting 
these parameters are plotted in Figure 6.53. Same tensile tri-linear CZM is 
characterized as shown in Figure 6.54. The obtained load-deflection curves by current 
parametric study are compared in Figure 6.55.  
 
Chapter 6 Numerical modeling of steel concrete interface behavior in composite structures 
243 
Table 6.4 Parameter sets for modeling SCS100 with tri-linear traction separation 
CZM 









Set 1 (Shear) 17.00 20.64 0.50 6.00 8.00 
Set 2 (Shear) 20.64 17.00 0.50 4.00 8.00 
Set 3 (Shear) 20.64 17.00 0.50 4.00 12.00 
Set 4 (Shear) 20.64 17.00 0.50 4.00 30.00 
Set 5 (Shear) 20.64 17.00 0.50 4.00 6.00 
All (Tensile) 14.67 17.59 2.50 15.00 20.00 
 
The parametric study shows that without varying the ultimate shear strength, the 
traction separation shape has strong effect on the flexural behavior of SCS sandwich 
beam. Even though current parametric study is not aiming to fit the numerical results 
to experimental observation, the characteristic of parameter set 4 does provide some 
possible explanation. When the mechanical connectors are closely spaced, the shear 
resistance increases to peak load with high stiffness considering the confinement 
effect for concrete. The small core thickness and higher stiffness make the concrete 
fail first, due to lack of constraints at sides which was also observed by other push-out 
tests. After the concrete fails, the load can be redistributed effectively due to closely 
spaced connectors in both directions. Therefore, a relatively slow unloading is 
expected. Yet it should be noted that the numerical study presented here is based on 
assumption of the common understanding of connector behavior. Attention should be 
paid toward carrying out push-out tests following the realistic connector deployment 
pattern. Because the tensile traction separation is characterized with a relatively large 
elastic region with δ0 up to 5mm, the damage in tensile mode does not affect the shear 
mode. Instead, when shear mode damage initiates, tensile mode strength suffers. 
That's the reason for numerical results based on parameter set 5: structure quickly 
unloads after δ 1 for shear mode is reached. Similar to discussion for the partial 
composite of epoxy bonded composite beam in section 6.1.7, tensile strength also 
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plays important role. Unlike independent springs in two directions, the proposed 
model is capable to model the interaction physically. If the ultimate shear failure of 
connector happens, the tensile strength will not exist any longer.  
 
 
Figure 6.53 Various tri-linear traction separation laws for hook connector of 
SCS100 
 
Figure 6.54 Tri-linear model of tensile tests for hook connector of SCS100 
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Figure 6.55 Comparison of load-deflection curves for SCS100 parametric study 
 
6.5.3 Numerical results and discussion for partial composite sandwich beams 
After numerical study of full composite SCS sandwich beam, partial composite beams 
SLCS200 and SLFCS300 are modeled and discussed. The composite degrees are 0.54 
and 0.25 respectively (Liew et al. 2009). Shear connector is 16mm with higher 
capacity, but governed by bearing and splitting failure of LWAC. Same modeling 
techniques are applied. The traction separation law to model shear connector used for 
SLCS200 and SLFCS300 is very close to triangular shape as shown in Figure 6.56. 
The numerical results agree reasonably with the test results. For SLCS200, the 
unloading, hardening and final unloading after peak load is reached demonstrates the 
redistribution of load when one shear connector is failed. Due to the conservative 
approximation of tri-linear CZM, the final unloading occurs at a smaller deflection of 
sandwich beam. Comparing with full composite SCS100, the push-out test setup 
represents the realistic connector behavior in sandwich beam due to similar spacing. 
This is similar to SLFCS300 with numerical results shown in Figure 6.58. Because of 
higher connector spacing, numerical results overestimate ultimate loads by 3% for 
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SLCS200, and SLFCS300 and 3.8% for SLFCS300. The trend is consistent with the 
underestimated ultimate load by 6.8% for SCS100. Therefore, it can be concluded that 
connector spacing has strong effect if push-out tests do not represent the realistic 
connector configuration. It is also validated that the numerical interfacial modeling 
can affect the global composite structural behavior.   
Large end slip at SLFCS300 is shown in Figure 6.59. Similar to experimental 
observation, large end slip at bottom interface and small end slip at top interface are 
observed. This coincides with the pattern of large slip induced connector failure at 
bottom interface as shown in Figure 6.60. The distribution of bottom interfacial slip 
along half-beam is demonstrated in Figure 6.61 under different load levels. Stage 1 is 
at elastic stage to peak load. Stage 2 is around peak load and following softening. 
Stage 3 is at further damage up to deflection of 50mm. Double curve arrows connect 
the same slip distribution in different stages. Note the vertical axis is in different 
scales.  "SC" in x-axis denotes the locations of J-hook connectors. High slip 
discontinuity at lower load levels shows the effectiveness of connectors close to mid-
span. Beam end slip is almost same as that at leftmost connector. The connector close 
to beam end fails after peak load. Thereafter the end slip increases more, because the 
restraint of central connector reduces with distance. When further loaded, the inner 
connector degrades gradually with less restraint effect. Similar behavior as studied for 
composite Beam Type C is observed. Comparing with slip distribution model by 
(Ranzi et al. 2004), current numerical model reflects the effect of discrete connector, 















Figure 6.57 Comparison of load deflection curves for SLCS200 
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Figure 6.59 Comparison of SLFCS300 deformation 
 
Figure 6.60 Failure of connectors by shear at bottom plate 
  
Interfacial slip 
at bottom and 
top interfaces 
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(a) Stage 3 with further damage 
 
(b) Stage 2 around peak load 
 
(c) Stage 1 elastic load 
Figure 6.61 Distribution of interfacial slip along the bottom surface of SLFCS300 
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6.6 Proposal of framework to determine and implement traction 
separation law 
With previous implementation of the proposed numerical model, the importance to 
model both shear mode and tensile mode is demonstrated. This is especially true for 
sandwich structure. Therefore, the push-out and pull tests are necessary to provide 































     (a) Pull-out test  (b) Push-out test 
Figure 6.62 Illustration of (a) pull-out and (b) pull-out tests 
Cohesive elements connect both ends of equivalent steel shear connectors and steel 
face plates as shown in Figure 6.62. The relationship for various elements in pull-out 
tests can be viewed as serially connected springs. The cohesive elements at two ends 
of the solid shear connectors are assumed same. The initial stiffness of the cohesive 










For the case that the stiffness of mechanical connector /EA L  is much higher than 
that of the tested tensile stiffness, ,coh nK   can be approximated by 2 testK . For push-out 
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test on shear resistance, the force was assumed shared equally by two ends with same 
relative displacements. Therefore, the shear stiffness of cohesive elements to follow 
push-out test results is approximated as: 
 , / 2coh t testK K=  (6.8) 
Otherwise, the test load can be simply divided by 2, leading to same stiffness. 
As demonstrated in numerical study of SCS sandwich beam, the spacing between 
connectors is crucial to the accuracy of model. Therefore, the push-out tests should try 
to follow the designed and foreseeable realistic configuration of connectors. For 
epoxy bonded composite structures, surface treatment and bond-line thickness will 
affect the interfacial behavior. Check lists ensuring correct test results are summarized 
in the proposed framework to test and characterize steel-concrete interfacial behaviors 
as shown in Figure 6.63. Different from  some models as reviewed in section 2.6, the 
bulk material properties of epoxy is not necessarily to be tested. For both 
mechanically and epoxy connections, it is important to test the specimen until load 
cell reading drop to 0 as current method has placed more focus on damage at steel-
concrete interface. The capability of the proposed model to study ductility of 
composite structures relies on the full load-slip curve. Upon finish of tests, the load 
slip curve can be characterized using three traction separation models: triangular, 
exponential and tri-linear model, whereas the latter will be able to model the first two. 
Critical loads can be further transformed into cohesive tractions. In current study, all 
numerical models are studied using 2D plane stress models. Traction times area 
resembles the spring force in some of the numerical models reviewed in section 2.4.2.  
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Define the type of 
composite structure
Epoxy bond or 
Mechanical connection?
Ensure realistic bond 
width and thickness
Ensure push out specimen 
has same configuration
• Steel plate thickness, 
• surface treatment
• concrete content & 
thickness, 
• epoxy thickness, 
• curing time
• Steel plate thickness
• concrete type & 
thickness, 
• connector spacing





Check List Check List
Carry out push-out test
Structural interfacial
 is only shear governed?Yes
Carry out both push-out 
and pull-out tests
No
Record load-slip curves 
until final failure P=0
Characterize the load-slip 
curve types





planarization of traction 
for 2D model




Figure 6.63 Proposed framework to test and characterize steel-concrete 
interfacial behavior 
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The UEL developed in Chapter 3 and Chapter 4 can then be implemented using the 
characterized interfacial behaviour. The framework to implement proposed UEL is 
presented in Figure 6.64. 
Expect mode mix behavior?
Define both tensile and 
shear modes properties
For N&T: σ0, δ0, σ1, δ1, δf  
Choose a lower β
Good to start from 25
Choose a higher β
Good to start from 100
Define 2D section 
thickness
Kn=σ0/δ0 at same order of 
concrete EA/L?
Check node numbering 
sequence if mesh 
generated by CAE
Define user element type
YES NO






Figure 6.64 Framework to implement tri-linear effective damage model using 
UEL 
Because UEL calculates the rotational matrix based on the default node numbering 
sequence as defined in Figure 4.3, the mesh generated by CAE shall be checked. If no 
strong mode mix is expected, a higher value β  can be start with. Otherwise, value 25 
as used for numerical verification in section 0 can be used. It shall be noted that, most 
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of research for steel-concrete composite structure nowadays have not studied such 
effects, even though mode mix is more accurate and represent the real interfacial 
behaviour. Further research is required. 
 
6.7 Concluding Remarks 
In this chapter, a novel numerical method is proposed to study steel-concrete 
composite structures. The objective is to contain the composite action related damage 
at steel-concrete interface, therefore effectively improve numerical efficiency. Being a 
relatively compliant layer incorporating the shear and tensile modes testing results, 
CZM is demonstrated superior to model various types of steel concrete composite 
structures: epoxy bonded steel-concrete composite beam, mechanically connected 
composite beam by connectors and sandwich beams. The otherwise complicated and 
difficult task to model load sharing mechanism, such as combination of Expamet with 
J-hook connector, can be addressed effectively and efficiently. Capability to initiate 
crack autonomously and model damaged stiffness make CZM perfect to investigate 
the failure mechanism of both full and partial composite structures where degradation 
of one connection may lead to load redistribution.  Because the damage is only 
applicable in "opening" direction, the compressive stiffness is treated as penalty term 
to eliminate the need of contact in numerical procedure hence minimizes computation 
efforts.  
The numerical model for epoxy bonded composite structure was successfully 
validated by the test results. A parametric study has been carried out. Despite being 
governed by longitudinal shear strength, this study pointed out that epoxy tensile 
strength also affects the structural behavior. For continually bonded composite beam, 
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too low tensile strength will cause the full composite structure fail prematurely. 
Nevertheless, the determinant factor for continually bonded composite beam is still 
shear strength. When the bond between steel and concrete is intermittent, tensile 
strength has more prominent effect. Increasing shear strength can hardly improve the 
ultimate load carrying capacity. Increasing tensile strength will effectively improve 
the ultimate load carrying capacity. 
The steel-concrete interfacial behaviors experimentally studied in Chapter 5 are used 
to study the behavior of bonded SCS sandwich beams. In general, the bonded SCS 
sandwich beam is more suitable for pure bending application. It is shown that higher 
tensile bond strength can help to prevent buckling of compressive face plate. 
Concentrated load will cause major crack in concrete core, making mechanical 
connector indispensable. Numerical study also demonstrated the effect of fiber 
reinforced epoxy bonding. Even with lower maximum strength, the ductility due to 
fiber bridging at interface can help to maintain loads at increased rotation. 
CZM are also proven effective to model shear studs connected composite beams and 
J-hook connected SCS sandwich beams. For conventional composite construction, 
numerical results agree well with the experimental results. The slip distribution 
provides a more realistic description considering the existence of discrete connectors. 
In addition, parametric study has demonstrated the effect of maximum slip capacities 
on low degree partial composite connection. Due to complex behavior of SCS 
sandwich beam with shear connector, numerical results are not as good as those for 
bonded composite beam and conventional composite beam. However, judged from 
reasonable understanding of composite structures, the push-out test results did not 
represent the true behavior in SCS100. Parametric study was therefore carried out 
assuming reasonable approximations. Even though without being rigorously proven, a 
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possible explanation is provided. Relatively good simulation results for partial 
composite SCS sandwich beams, which have a similar spacing configuration as push-
out test setup, make the explanation persuasive. The observed interfacial end slip 
coincides with the experimental observation.      
The proposed numerical method is proven to be a promising tool for engineering 
analysis and design. However, it is important to view it a tool to fulfill analysis and 
design assisted by testing. Rather than investigating the mechanism behind composite 
failure, CZM heavily depends on the testing results. Therefore, based on testing 
experiences and numerical necessity, a standard framework to test and characterize 
steel-concrete interfacial behavior is proposed aiming to produce realistic and 




Chapter 7 Conclusions and Future works 
With increasing awareness of safe and sustainable construction, steel-concrete 
composite is becoming a more and more important and widely adopted structural 
form. Emerging new composite constructions including SCS sandwich structure 
developed in NUS and epoxy bonded composite beam etc. leave many unaddressed 
areas. Even for widely used conventional composite beam, analysis for ductility and 
partial composite remains somewhat cumbersome. This thesis has investigated the 
steel-concrete interfacial behavior and proposed a novel numerical method to study 
composite action in a more efficient manner. Based on the completed research works, 
following conclusions and contributions are summarized in section 7.1. Potential 
research directions are recommended in section 7.2.   
7.1 Conclusions and contributions 
7.1.1 Development of tri-linear traction separation law 
To cater for the specific applications of cohesive zone model (CZM) for macro-scale 
steel-concrete interfacial behavior, a tri-linear traction separation law is proposed. 
New CZM is capable of modeling versatile steel-concrete behaviors governed by 
different interfacial failure mechanisms including: shear failure of mechanical 
connector; concrete bearing or splitting failure; cohesive or mixed failure of adhesive 
layer; and even straightening of hook connector when subjected to tension. The 
developed tri-linear model is based on separation between steel and concrete and 
critical tractions at interface. Choice of such definition, instead of using energy as in 
many researches on fracture mechanics, is engineering oriented for easy 
implementation. Energy is nonetheless implicitly dependent on critical separations 
and tractions. Conventional triangular and exponential laws can also be approximated 
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by tri-linear model. The most noteworthy feature of this model is the capability to 
define important hardening and softening branches when steel and concrete is joined 
by mechanical connectors. 
7.1.2 Development of effective damage model  
In addition to new traction separation law, a new effective damage driven CZM to 
model mixed failure modes is proposed. The proposed CZM can adopt different pure 
mode behaviors into same cohesive interface. This has addressed difficulties in most 
other CZMs. The mathematical description of traction is based on separation 
calculated by difference between interfacial displacement field of steel and concrete. 
The traction is also determined with effective damage dependent on damages in two 
pure modes. By introducing damage mix variable β , a 3D contour surface describing 
the dependency of traction in one mode on separations of both modes is established. 
This has made it possible to derive tangent stiffness in finite element formulation 
despite quite different pure mode behaviors.  
7.1.3 Modeling of different unloading and reloading behaviors 
Two models to account for different unloading and reloading behaviors are proposed 
aiming to model either adhesive aided bond performance or mechanical shear 
connector aided steel-concrete interface behavior. Adhesive bonded interface will 
always unload to origin. Reloading path will depend on the degree of damage. 
Mechanically connected interface is modeled to account for permanent "separation". 
The unloading path would follow the elastic unloading stiffness. 
7.1.4 Modeling and treatment of compressive behavior of CZM  
The stiffness when cohesive section is subjected to compression has some particular 
implication in the numerical modeling. A penalty normal stiffness is incorporated 
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when cohesive section is subject to compression. The penalty term can be devised to 
prevent penetration between two adherends therefore eliminates necessity of contact 
pair definition and associated modeling and computation cost. The employment of 
MacAuley bracket in CZM formulation makes the cohesive section only transfer 
compression but will not cause damage. Therefore, the damages in tensile and shear 
modes, which are of major interests, are not affected by compression.  
7.1.5 Finite element implementation of effective damage based CZM 
Nonlinear finite element formulation of the proposed effective damage based CZM is 
derived. Tractions in Mode I and Mode II/III at each step depend on separations in 
their respective modes and effective damage. Element tangent stiffness matrix is 
derived by differentiation of tractions with respect to separation in either modes.  
The derived finite element formulation is implemented as subroutine for ABAQUS to 
practically model steel concrete interfacial behavior by FE codes. The subroutine can 
be employed in both common Newton-Raphson solution procedure and modified Riks 
solution procedure. Because of the non-smooth characteristics associated with tri-
linear traction separation law, it is observed that numerical instability may cause 
premature termination of numerical procedure. To address this numerical instability 
related to large damage gradient within one element, an element deletion based on 
maximum damage technique (MDT) is proposed. The technique is proven to be 
superior to the viscosity stabilization technique for such problem. Inaccuracy is not 
observed when MDT is implemented. 
The developed user element has been validated against analytical solutions and 
potential energy based polynomial PPR model under both pure mode double 
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cantilever bending problem and mixed mode bending problem. The efficiency and 
accuracy of the proposed CZM and developed user element are proven. 
Parametric study shows that without changing 0σ  and underlying fracture energy, 
initial stiffness of cohesive element defined by 0δ  and different traction separation 
laws have no effects on the ultimate load for pure mode problem. Secondary effect on 
the global structure's initial stiffness is observed. However, due to the definition of the 
proposed effective damage and initial linear elastic segment, different shapes with 
same pure mode energy will lead to prominent effects on mixed mode problem. This 
is because the energy for mixed mode will be significantly changed. Attention should 
be exercised for mixed model problem. To this end, it is suggested that tri-linear 
traction separation law can be used to approximate the test results reasonably. For 
pure mode problem, the traction-separation shape can be manipulated without 
changing maximum cohesive strength and energy if numerical instability is 
experienced. 
7.1.6 Experimental investigation of bond performance between steel and fresh 
concrete aided by epoxy 
Epoxy was applied at steel and fresh concrete interface aiming to investigate the 
possibility of SCS sandwich construction with reduced number of mechanical 
connectors. Series of push-out tests have been carried out.  
It is observed that due to the water and other chemical content in the fresh concrete, 
the timing to load a bonded steel-concrete structure should be prolonged to ensure full 
curing of both concrete and epoxy. Instead of common 7 days for epoxy, 28 days 
should be an appropriate starting date to load the structure. It is suggested that the 
concrete be cast or grouted immediately after the epoxy is applied to the steel face 
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plate. Otherwise, measures to elongate the working time of epoxy after its mixing 
should be sought after to ensure good bond strength. Pressure during curing stage of 
epoxy and concrete can improve the bond strength by certain extent, but not 
significant engough to be recommended due to practically difficult. 
Lightweight aggregate concrete, which usually has much lower tensile shear strength, 
is prone to fail at core when subjected to direct shear load. Normal weight concrete 
and high strength concrete will fail at the bonded interface.  
Surface treatment such as grit blasting SA 2 ½ is important to ensure cleanness and 
roughness of the steel plate. The direct shear bond strength can be improved by proper 
surface treatment.  
It is discovered that the addition of superplasticizer in concrete should be minimized 
despite reduced water cement ratio. An explanation is proposed based on epoxy's 
polymerization mechanism. Carboxylate group and amine group, which are major 
content of superplasticizer will change the resin's cross-linking by addition reaction to 
homo-polymerization, which will lead to the product of ether type polymer known for 
low mechanical strength. 
The failure mode is quite brittle with an interfacial slip capacity up to 1mm. The 
obtained load slip curve can be characterized by triangular traction separation law.    
7.1.7 Effect of fiber reinforcement in epoxy bond line     
Steel fiber and shortcut PVA fibers were added to epoxy to bond steel and fresh 
concrete. It is found that steel fiber is ineffective, whereas flexible and thin PVA fiber 
can effectively bridge cracks at steel concrete interface. The effect is not on 
improvement of shear strength but on improved ductile separation. By increasing the 
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fiber content volume and curing time, bond strength can be improved. However, 
addition of 7% fiber will lead to more viscous epoxy and shorter pot life. Further 
increase of fiber content will make the application of epoxy difficult.  
The slip capacity with fiber toughened interface is between 5-10mm. For well cured 
interfaces, the traction separation behavior is characterized using exponential law with 
α = 4.66-5.79. 
7.1.8 Proposed numerical model for steel-concrete composite structure 
By introducing a relative soft and weak layer between steel and concrete, a novel 
numerical method is proposed to achieve following objectives: 
a) the interfacial layer will govern the composite action of composite structure; 
b) damage is approximately contained at interfacial layer; 
c) to improve the efficiency of numerical modeling and solution procedure;  
d) contact can be modeled at the interfacial element; 
e) versatile load-slip curve of push-out and pull-out tests can be easily adopted. 
For bonded composite and sandwich beams it is natural and straightforward to apply a 
thin layer of cohesive section at steel and concrete interface. Intermittently bonded 
composite beam is proposed to include a fictitious cohesive section with very low 
cohesive strength in between actual bonded areas. This will prevent penetration of 
steel into concrete. It helps to eliminate contact algorithm yet retains low friction 
force. For conventional composite beam employing discrete mechanical connectors, 
same technique can be applied. Traction separation behavior based on push-out test 
results can be applied at exact locations of connectors. Due to complex stress state 
within SCS sandwich structure and to avoid concrete behavior dominating the global 
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response, an elastic section with two ends modeled as cohesive sections is proposed to 
connect top and bottom steel plates. 
A parametric study on friction coefficient is carried out without using the proposed 
fictitious cohesive section technique. It is shown that friction coefficients, which is 
quite arbitrarily selected in practice, will lead to difference by over 13% in terms of 
ultimate load. It is therefore more suitable to employ the proposed fictitious cohesive 
section methods.     
7.1.9 Numerical modeling and parametric study of bonded composite and 
sandwich beam    
The numerical model for epoxy bonded composite structure has been successfully 
validated by the test results demonstrating the good performance of the proposed 
numerical model. Unlike most other analyses concentrating on shear strength only, 
parametric study on bonded composite beam points out that epoxy tensile strength 
also affect the structural behavior. For continually bonded composite beam, epoxy 
with low tensile strength will cause premature loss of composite action. Nevertheless, 
the determinant factor for continually bonded composite beam is still shear strength. 
However, when the bond between steel and concrete is intermittent, tensile strength 
has more prominent influence. Increasing shear strength can hardly improve the 
ultimate load carrying capacity. On the other hand, increasing tensile strength will 
effectively improve the ultimate load carrying capacity. However, it is pointed out 
that in reality tensile strength is usually much lower than shear strength and may be 
governed by tensile strength of concrete. Interpretation of the parametric study results 
should be based on reasonable engineering judgment.   
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The steel-concrete interfacial behaviors experimentally studied and characterized in 
Chapter 5 are used to study the behavior of bonded SCS sandwich beams. In general, 
the bonded SCS sandwich beam is more suitable for pure bending application. 
Concentrated load will cause major crack of concrete core at mid-span hence ductility 
of bond layer cannot be achieved. It is shown that higher bond strength can help to 
prevent buckling of compressive face plate. Numerical study also demonstrated the 
effectiveness of fiber reinforced epoxy bonding. Even with lower maximum strength, 
the ductility due to fiber bridging at interface can help to maintain loads at increased 
end rotation. 
7.1.10 Numerical study of mechanical connected composite and sandwich beams 
CZM are also proven effective to model shear studs connected composite beam and J-
hook connected SCS sandwich beam. For conventional composite construction, 
numerical results agree well with the experimental results. The slip distribution 
provides a more realistic description considering the existence of discrete connectors.  
Parametric study has demonstrated the effect of maximum slip capacities on low 
degree partial composite connection. Without changing maximum shear strength, 
increased slip capacity of shear connector can prevent premature unloading. Such 
problem is generally difficult to be investigated using either analytical or other 
numerical methods.  
Due to complex behavior of SCS sandwich beam with shear connector, numerical 
results are not as good as those for bonded composite beam and conventional 
composite beam. However, judged from reasonable understanding of composite 
structures, the push-out test setup not reflecting true configuration of shear connector 
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could be the main reason for discrepancy. This is proven by parametric study 
assuming reasonable approximations.      
The proposed numerical method is demonstrated to be a promising tool for 
engineering analysis and design. However, it is important to view it as a tool to fulfill 
analysis and design assisted by testing. The proposed numerical model employing 
CZM depends on testing results to a large extent.  
 
7.1.11 Proposal of standard framework to test, characterize and model steel-
concrete interfacial behavior 
A standard framework to test and characterize steel-concrete interfacial behavior is 
proposed aiming to yield realistic and complete load-slip curves for modeling 
composite structures with CZM. Focus is cast on preparation of the specimens to 
obtain reliable test results. CZM relies on interfacial behavior obtainable by testing or 
reasonably assumed behavior derived from testing. Damaged interfacial behavior after 
peak load does affect structural's global behavior. Therefore, it is stressed that a 
complete load-slip curve should be obtained. In order to implement the proposed 
CZM, proper interpretation of stiffness using push-out and pull-out tests results is also 
presented.   
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7.2 Recommendation for future works 
The research work in this thesis has proposed an unprecedented method to model 
steel-concrete interfacial behavior and global structural response. The cohesive zone 
concept rooted in fracture mechanics and generally employed for problems such as 
crack propagation is employed at structural level. The numerical results using this 
novel method is inspiring with many potential applications. Potential research 
directions and areas for improvement are recommended in this section. 
7.2.1 Experimental investigation on mode mix of composite connection 
 As demonstrated in numerical study of Chapter 6, the tensile behavior of composite 
connection is non-trivial even for conventional composite beams. In addition, wall 
type composite structures, beam to composite column joints, and sandwich type 
structures pose complex condition at steel-concrete interface. Seeing the increasing 
requirements, some strength based tensile-shear interaction curves have been 
proposed in design codes, e.g. ACI 318-08 and PCI 6th edition. They are not 
sufficiently validated. However, experimental investigation of tensile behavior and 
tensile-shear interaction is non-standardized and somewhat difficult. Design of a 
proper experimental setup considering the material characteristics of steel and 
concrete is vital to our understanding of composite connections.  
7.2.2 Quadratic UEL employing the proposed effective damage model with tri-
linear law 
In this thesis, the user element has been developed as a 4-node 2D UEL with linear 
shape function. For studying of flexural problems, including the MMB testing in 
section 0 and composite structures studied numerically in Chapter 6, a 6-node 2D 
UEL will be desirable if the connected steel and concrete sections are modeled with 
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quadratic elements. The models implemented as subroutine in Appendix A can be 
modified. For calculation of each integration point, the damage calculation module 
can remain unchanged. Only the loop over integration points within element and the 
way to assemble the stiffness matrix and force need to be changed. 
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There has been some reports that Newton-Cotes integration scheme will alleviate the 
oscillation associated with the trapezoidal law. Under certain situation, this is 
observed for tri-linear law proposed herein. Therefore, it can be necessary to 
implement the model with Newton-Cotes integration points and compare the 
performance with that implemented with Gaussian point. 
7.2.3 Numerical model for 3D problems and development of VUEL for explicit 
solver 
Current study has only implemented the proposed model for planar problems. Despite 
proven accuracy and efficiency, it cannot be implemented for 3D problems. For 
example, a composite slab subjected to point loads will require 3D modeling. The 
CZM can be modeled as a surface connecting two solid sections.  
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In addition, current model is based on assumption that two shear modes, i.e. Mode II 
and Mode III,  have same traction separation behavior and only one is considered. 
Some common composite constructions employ profiled decks as concrete formwork. 
Different profile shapes in different directions will lead to different shear tractions 
separation behaviors. The direction parallel to profile deck's rib will have more rigid 
and higher shear resistance. For the direction perpendicular to the rib, the shear 
resistance depends on where the shear studs are placed. When the bearing region is 
smaller, the shear resistance will be low with reduced stiffness. However, due to the 
rotational capacity of profiled deck, the maximum separation capacity can be higher. 
This will require a model to address Mode II and Mode III interaction. The principals 
presented in this thesis can be applied. The difficulty lies in the validation. Even in 
well progressed fracture mechanics research, most of tests and validation is based on 
2D simplification. A recommended start point is ignoring the mode interaction. In this 
way, the 3D FE formulation will be significantly simplified with element stiffness 
matrix reduced to a symmetric diagonal matrix. The readily available 3D cohesive 
elements can also be employed. 
It has been stressed that efficiency is important from engineering application's point 
of view. This is the reason current study focused on implicit solver to achieve desired 
numerical efficiency. The following two reasons suggest a need for implementation of 
the model for explicit solver:  
1) Nature of dynamic analysis. Good impact resistance is one of the advantages 
especially for SCS sandwich structures. Therefore, a FE formulation suitable 
for dynamic analysis is needed. 
2) The 3D problems involving concrete mostly require explicit solver to obtain 
numerical results. The development of damage based 3D cohesive elements 
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may also need explicit solver to address the non-convergence experienced in 
implicit solver.   
To be fitted within explicit solution procedure, not only the stiffness matrix needs to 
be calculated in VUEL, mass and damping effects also need to be supplied. Further 
research in this direction is welcome.          
7.2.4 Implementation of tri-linear CZM to investigate composite structure's 
fatigue performance 
Composite construction is widely employed in bridge, where the fatigue performance 
is a major concern. The load carrying capacity of composite beam depends 
substantially on the composite action between steel and concrete. With the proposed 
efficient numerical model incorporating damage, composite structural response 
subjected to cyclic loading can be assessed easily.  
Of the two types of unloading and reloading models proposed in this thesis, the one 
with elastic unloading stiffness can be readily adopted for deformable mechanical 
shear connections. It shall be noted that the model is only applicable to the cases 
where interfacial damage has initiated. As pointed out in this thesis, the actual 
unloading and reloading stiffness is generally between the two models. To model the 
realistic stiffness recovery, an additional factor can be defined to model the damage 
effect on initial elastic stiffness. The hysterical constitutive law can still be 
implemented within the proposed numerical framework. 
Bonded joint between metal and FRP materials has been embraced for decades in 
Aeronautic, Automobile and Marine industries. It has been demonstrated that 
comparing with discrete mechanical connector, less stress concentration makes 
bonded joint preferable. Newly launched Air Bus 380 and Boeing Dreamliner have 
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over 70% joints adhesive bonded. On the other hand, the experimental investigation 
on epoxy bonded steel-concrete composite beams just started to attract attentions in 
construction industry. Fatigue investigation is yet to be assessed. Nevertheless, the 
proposed numerical method provides a handy analysis tool for pre-testing specimen 
design and post-testing analysis. It is important to study the mode mix behavior under 
cyclic loading and identify the damage criterion, which can be defined using damage 
mix variable β .  
7.2.5 Development of hybrid composite connection 
The load sharing mechanism has been modeled using CZM at interface. This provides 
an essential tool to assess the required composite connection especially for complex 
structural configurations. If one form of composite connection does not satisfy the 
requirements, a hybrid composite connection can be developed. For example, both 
mechanical connection and epoxy bond can work together to reduce the number of the 
mechanical connectors. Similarly, embossed steel surface or Expamet can also 
achieve similar effect to achieve higher peak strength yet maintain necessary ductility. 
Or one form of composite connection provides necessary shear capacity, while 
another form ensures tensile capacity. It can be foreseen that some creative hybrid 
composite connections can be developed with assistance of this numerical tool and 
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APPENDIX A. Source code of tri-linear traction separation law user 
element for ABAQUS 
In this appendix, a user element (UEL) developed employing cohesive element 
formulation with tri-linear traction separation law is presented. Linear Gauss 
quadrature is used for numerical simulation. For the 4 nodes cohesive element, two 
Gauss points are used at reference level with position and weights given below: 
1 11/ 3 0.577350269 1p w= = =  
2 21/ 3 0.577350269 1p w= − = − =  
The UEL requires 13 properties defined by user and are given as follow: 
0σ =PROPS(1) 0τ =PROPS(2)  1σ =PROPS(3)  1τ =PROPS(4) 
0,nδ =PROPS(5) 0,tδ =PROPS(6) 1,nδ =PROPS(7) 1,tδ =PROPS(8) 
,f nδ =PROPS(9) ,f tδ =PROPS(10) β =PROPS(11) elementt =PROPS(12) 
,n penaltyK =PROPS(13)  
Most of the parameters are as shown in Figure 3.6. In order to approximate the 
interfacial behaviours such as push-out tests results of shear connectors, these 
parameters need to be defined within the ABAQUS input file to define various shapes. 
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C*************************************************************************** C 
C Two dimensional user element for tri-linear traction separation law   C 
C Effective Damage for mode mix        C 
C Developed by Wang Tongyun at CEE National University of Singapore  C 
C    Supervisor: Prof. J.Y. Richard Liew             C 
C All Rights Reserved.        C 
C*************************************************************************** C 
      SUBROUTINE UEL(RHS,AMATRX,SVARS,ENERGY,NDOFEL,NRHS,NSVARS, 
     1 PROPS,NPROPS,COORDS,MCRD,NNODE,U,DU,V,A,JTYPE,TIME,DTIME, 
     2 KSTEP,KINC,JELEM,PARAMS,NDLOAD,JDLTYP,ADLMAG,PREDEF,NPREDF, 
     3 LFLAGS,MLVARX,DDLMAG,MDLOAD,PNEWDT,JPROPS,NJPROP,PERIOD) 
      INCLUDE 'ABA_PARAM.INC' 
C 
      DIMENSION RHS(MLVARX,*),AMATRX(NDOFEL,NDOFEL),PROPS(*), 
     1 SVARS(*),ENERGY(8),COORDS(MCRD,NNODE),U(NDOFEL), 
     2 DU(MLVARX,*),V(NDOFEL),A(NDOFEL),TIME(2),PARAMS(*), 
     3 JDLTYP(MDLOAD,*),ADLMAG(MDLOAD,*),DDLMAG(MDLOAD,*), 
     4 PREDEF(2,NPREDF,NNODE),LFLAGS(*),JPROPS(*) 
       DIMENSION Uloc(ndofel), Sc(ndofel,ndofel), Fc(ndofel,nrhs), 
     & T(mcrd,nrhs), T_d(mcrd,mcrd), R(mcrd, mcrd), 
     & Bc(mcrd,ndofel), Bct(ndofel,mcrd), ShapeN(nnode), 
     & sep(mcrd), GP(2), GP_Weight(2), tmp(ndofel,mcrd) 
       INTEGER nGP   
       DOUBLE PRECISION nTmax, tTmax, n0Delta, t0Delta, n1Delta,  
     & t1Delta, nfDelta, tfDelta, n1Trac, t1Trac, th, nSep, tSep, 
     & dn, dt, m, n, Gam_n, Gam_t, nKpen, nKori, tKori, Deff, 
     & N1, N2, sep1, sep2, sep3, sep4, nSepMax, tSepMax, el_length, 
     & beta, rbeta, thick, tDamage, nDamage, nDD, tDD, DnDt, DnDtB, 
     & thv 
C Read the properties of tri-linear traction separation rule  
       nTmax = PROPS(1) 
       tTmax = PROPS(2) 
       n1Trac  = PROPS(3) 
       t1Trac  = PROPS(4) 
       n0Delta = PROPS(5) 
       t0Delta = PROPS(6) 
       n1Delta = PROPS(7) 
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       t1Delta = PROPS(8) 
       nfDelta = PROPS(9) 
       tfDelta = PROPS(10) 
       beta = PROPS(11) 
       th = PROPS(12) 
       nKpen = PROPS(13) 
       nKori = nTmax/n0Delta 
       tKori = tTmax/t0Delta 
       rbeta = 1.0/beta     
       nGP = 2 
       data GP   / 0.577350269189626 , -0.577350269189626 / 
       data GP_Weight / 1.0 , 1.0 / 
       call matZeros (RHS,ndofel,nrhs) 
       call matZeros (AMATRX,ndofel,ndofel) 
C Change from the global coordinates to the local coordinates 
       call coordsTrans (R, COORDS, el_length, U, ndofel, 
     & nnode, mcrd) 
       do i = 0, nnode-1 
          Uloc(1+i*mcrd) = R(1,1)*U(1+i*mcrd) + R(1,2)*U(2+i*mcrd) 
          Uloc(2+i*mcrd) = R(2,1)*U(1+i*mcrd) + R(2,2)*U(2+i*mcrd) 
       end do 
       sep1 = Uloc(7) - Uloc(1) 
       sep2 = Uloc(8) - Uloc(2) 
       sep3 = Uloc(5) - Uloc(3) 
       sep4 = Uloc(6) - Uloc(4) 
C Numerical integration to compute RHS and AMATRX 
       SVARS(5) = 0 
       do i = 1, nGP 
          N1 = 0.5*(1 - GP(i)) 
          N2 = 0.5*(1 + GP(i)) 
          sep(1) = N1*sep1 + N2*sep3 
          sep(2) = N1*sep2 + N2*sep4 
          tSep=abs(sep(1)) 
          nSep=sep(2) 
          if (sep(1) .LT. 0) then 
             sign_t = -1 
          else 
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             sign_t = 1 
          endif 
          tSepMax = SVARS(nGP*(i-1)+1) 
          nSepMax = SVARS(nGP*(i-1)+2) 
       if (nSep .GE. nSepMax) then 
         if(nSep .LE. n0Delta) then 
           nDamage = 0.0 
           nDD = 0.0 
         elseif(nSep .LE. n1Delta) then 
           nDamage = (nTmax*n1Delta-n1Trac*n0Delta)/(n1Delta-n0Delta) 
     & /nTmax*(1.0-n0Delta/nSep) 
           nDD = n0Delta*(nTmax*n1Delta-n1Trac*n0Delta)/(n1Delta 
     & -n0Delta)/nTmax/nSep**2.0 
         elseif(nSep .LE. nfDelta) then 
          nDamage = n1Trac*n0Delta*(nfDelta*(nSep-n1Delta)-nSep* 
     &  (nfDelta-n1Delta))/(nTmax*n1Delta*nSep*(nfDelta-n1Delta))+1.0 
          nDD=n1Trac*n0Delta*nfDelta/(nTmax*(nfDelta-n1Delta)*nSep**2.0) 
         else 
           nDamage = 1.0 
           nDD = 0.0 
         endif 
       else 
         if(nSepMax .LE. n0Delta) then 
           nDamage = 0.0 
           nDD = 0.0 
         elseif(nSepMax .LE. n1Delta) then 
           nDamage = (nTmax*n1Delta-n1Trac*n0Delta)/(n1Delta-n0Delta) 
     & /nTmax*(1.0-n0Delta/nSepMax) 
           nDD = n0Delta*(nTmax*n1Delta-n1Trac*n0Delta)/(n1Delta 
     & -n0Delta)/nTmax/nSepMax**2.0 
         elseif(nSepMax .LE. nfDelta) then 
        nDamage = n1Trac*n0Delta*(nfDelta*(nSepMax-n1Delta)-nSepMax* 
     &  (nfDelta-n1Delta))/(nTmax*n1Delta*nSepMax*(nfDelta-n1Delta))+1.0 
       nDD=n1Trac*n0Delta*nfDelta/(nTmax*(nfDelta-n1Delta)*nSepMax**2.0) 
         else 
           nDamage = 1.0 
           nDD = 0.0 
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         endif   
       endif 
       if (tSep .GE. tSepMax) then 
         if(tSep .LE. t0Delta) then 
           tDamage = 0.0 
           tDD = 0.0 
         elseif(tSep .LE. t1Delta) then 
           tDamage = (tTmax*t1Delta-t1Trac*t0Delta)/(t1Delta-t0Delta) 
     & /tTmax*(1.0-t0Delta/tSep) 
           tDD = t0Delta*(tTmax*t1Delta-t1Trac*t0Delta)/(t1Delta 
     & -t0Delta)/tTmax/tSep**2.0*sign_t 
         elseif(tSep .LE. tfDelta) then 
          tDamage = t1Trac*t0Delta*(tfDelta*(tSep-t1Delta)-tSep* 
     &  (tfDelta-t1Delta))/(tTmax*t1Delta*tSep*(tfDelta-t1Delta))+1.0 
          tDD=t1Trac*t0Delta*tfDelta/(tTmax*(tfDelta-t1Delta) 
     &  *tSep**2.0)*sign_t 
         else 
           tDamage = 1.0 
           tDD = 0.0 
         endif 
       else 
         if(tSepMax .LE. t0Delta) then 
           tDamage = 0.0 
           tDD = 0.0 
         elseif(tSepMax .LE. t1Delta) then 
           tDamage = (tTmax*t1Delta-t1Trac*t0Delta)/(t1Delta-t0Delta) 
     & /tTmax*(1.0-t0Delta/tSepMax) 
           tDD = t0Delta*(tTmax*t1Delta-t1Trac*t0Delta)/(t1Delta 
     & -t0Delta)/tTmax/tSepMax**2.0*sign_t 
         elseif(tSepMax .LE. tfDelta) then 
        tDamage = t1Trac*t0Delta*(tfDelta*(tSepMax-t1Delta)-tSepMax* 
     &  (tfDelta-t1Delta))/(tTmax*t1Delta*tSepMax*(tfDelta-t1Delta))+1.0 
        tDD = t1Trac*t0Delta*tfDelta/(tTmax*(tfDelta-t1Delta) 
     &  *tSepMax**2.0)*sign_t 
         else 
           tDamage = 1.0 
           tDD = 0.0 
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         endif    
       endif     
C Calculation of Effective Damage 
       DnDt = nDamage**beta+tDamage**beta 
       Deff = DnDt**rbeta 
       if (Deff .GT. 1) then 
        Deff=1 
       elseif (Deff .LT. 0) then 
        WRITE (7,*)'Deff=',Deff,'Something is wrong! Exit Now' 
        CALL XIT 
       endif 
       if (DnDt .EQ. 0) then 
         DnDtB=0 
       else 
         DnDtB=DnDt**(rbeta-1) 
       endif         
         T(2,1) = nKori*nSep*(1-Deff) 
         T(1,1) = tKori*tSep*(1-Deff)*sign_t 
        T_d(1,1) = tKori*(1-Deff)-tKori*tSep*(tDamage**(beta-1)) 
     & *DnDtB*tDD*sign_t   
        T_d(1,2) = -tKori*tSep*(nDamage**(beta-1))*DnDtB*nDD*sign_t 
        T_d(2,1) = -nKori*nSep*(tDamage**(beta-1))*DnDtB*tDD 
        T_d(2,2) = nKori*(1-Deff)-nKori*nSep*(nDamage**(beta-1)) 
     & *DnDtB*nDD 
       if (nSep .LT. 0) then 
         T_d(2,2) = nKpen*nKori 
         T(2,1) = nKpen*nKori*nSep 
        endif 
       if (Deff .GE. 1) then 
         T_d(1,1)=0 
         T_d(1,2)=0 
         T_d(2,1)=0 
         T_d(2,2)=0 
         T(1,1) = 0 
         T(2,1) = 0    
       endif 
         ShapeN(1) = -N1 
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          ShapeN(2) = -N2 
          ShapeN(3) = N2 
          ShapeN(4) = N1 
          do j = 1, nnode 
             do k = 1, mcrd 
               do l = 1, mcrd 
                  Bc(k,l+(j-1)*mcrd) = ShapeN(j)*R(k,l) 
               end do 
             end do 
          end do    
          CALL matTrans(Bc,Bct,mcrd,ndofel) 
          CALL matDotMult(Bct,T_d,tmp,ndofel,mcrd,mcrd) 
          CALL matDotMult(tmp,Bc,Sc,ndofel,mcrd,ndofel) 
          CALL matDotMult(Bct,T,Fc,ndofel,mcrd,nrhs) 
          thick = 0.5 * el_length * GP_Weight(i) * th 
          CALL matPlus(AMATRX,Sc,thick,ndofel,ndofel) 
          CALL matPlus(RHS,-Fc,thick,ndofel,nrhs) 
C   Update the state variables: SVARS 
          if(tSepMax .LE. abs(sep(1))) then 
             SVARS(nGP*(i-1)+1) = abs(sep(1)) 
          end if 
          if (nSepMax .LE. sep(2)) then 
             SVARS(nGP*(i-1)+2) = sep(2) 
          end if 
       if (Deff .GE. 1) then 
          SVARS(5) = 1 
       endif   
       end do 
       if (SVARS(5).EQ.1) then 
  do m=1, ndofel 
                do n=1, ndofel 
    AMATRX(m,n)=0 
   end do 
             end do 
        endif     
       RETURN 
       END 
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c ********************************************************************* 
c Coordinates Transformation  
c ********************************************************************* 
       SUBROUTINE coordsTrans (R, COORDS, el_length, U, ndofel, 
     & nnode, mcrd) 
       INCLUDE 'ABA_PARAM.INC' 
       DIMENSION R(mcrd,mcrd), COORDS(mcrd,nnode), U(ndofel) 
       DIMENSION dCoord(mcrd,nnode), dCoordR(2,2) 
       do i = 1, mcrd 
          do j = 1, nnode 
             dCoord(i,j) = COORDS(i,j) + U(2*(j-1)+i) 
          end do 
       end do 
       do i = 1, 2 
          dCoordR(i,1) = (dCoord(i,1)+dCoord(i,4))*0.5 
          dCoordR(i,2) = (dCoord(i,2)+dCoord(i,3))*0.5 
       end do 
c Calculate the directional cosine & the rotation matrix R (THETA in thesis) 
       d_x = dCoordR(1,2) - dCoordR(1,1) 
       d_y = dCoordR(2,2) - dCoordR(2,1) 
       el_length = (d_x**2.0 + d_y**2.0)**0.5 
       cos_a = d_x / el_length 
       sin_a = d_y / el_length 
       R(1,1) = cos_a 
       R(1,2) = sin_a 
       R(2,1) = -sin_a 
       R(2,2) = cos_a 
       RETURN 
       END 
C ********************************************************************** 
C Subroutines for matrix operation 
C ********************************************************************** 
       SUBROUTINE matZeros (A,n,m) 
       INCLUDE 'ABA_PARAM.INC' 
       DIMENSION A(n,m) 
       do i = 1, n 
          do j = 1, m 
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             A(i,j) = 0.0 
          end do 
       end do 
       RETURN 
       END 
C 
       SUBROUTINE matTrans (A,B,n,m) 
       INCLUDE 'ABA_PARAM.INC' 
       DIMENSION A(n,m), B(m,n) 
       CALL matZeros (B,m,n) 
       do i = 1, n 
          do j = 1, m 
             B(j,i) = A(i,j) 
          end do 
       end do 
       RETURN 
       END 
C 
       SUBROUTINE matPlus (A,B,c,n,m) 
       INCLUDE 'ABA_PARAM.INC' 
       DIMENSION A(n,m), B(n,m) 
       do i = 1, n 
          do j = 1, m 
             A(i,j) = A(i,j) + c*B(i,j) 
          end do 
       end do 
       RETURN 
       END 
C 
       SUBROUTINE matDotMult (A,B,C,l,n,m) 
       INCLUDE 'ABA_PARAM.INC' 
       DIMENSION A(l,n), B(n,m), C(l,m) 
       CALL matZeros (C,l,m) 
       do i = 1, l 
          do j = 1, m 
             do k = 1, n 
               C(i,j) = C(i,j) + A(i,k) * B (k,j) 
APPENDIX A. Source code of tri-linear traction separation law user element for ABAQUS 
288 
             end do 
          end do 
       end do 
       RETURN 
       END 
C ******************************************************************** C 
 
